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Mais ist eine der am meisten angebauten Nutzpflanzen der Welt. Die als Anthraknose 
bezeichnete Krankheit kann für bis zu 80% der Verluste in der Maisproduktion verantwortlich 
sein. Diese Krankheit wird durch den hemibiotrophen Pilz Colletotrichum graminicola 
verursacht. Leider ist die Krankheit prinzipiell schwer zu bekämpfen, da entsprechende 
Wirtsresistenzmechanismen kaum bekannt sind. In der vorliegenden Studie wurde zum Schutz 
der Maispflanzen vor C. graminicola-Infektionen das biotechnologische Prinzip der Wirts-
induzierten Gen-Repression (host-induced gene silencing, HIGS) angewendet. HIGS ist ein auf 
RNA-Interferenz (RNAi) basierender Prozess, bei dem short interfering RNAs (siRNAs) von den 
Pflanzen gebildet und vom Pilz aufgenommen werden, um einen Abbau Sequenz-
entsprechender Transkripte im Pilz auszulösen. Mit Hilfe dieser Strategie wurden in der 
vorliegenden Studie die C. graminicola Gene -Tubulin 2 (Tub2) und Succinatdehydrogenase 1 
(Sdh1) adressiert, die für Fungizidziele kodieren. Zu diesem Zweck wurden RNAi-Vektoren unter 
Verwendung geeigneter Zielgenregionen entworfen. Transgene, RNAi-Konstrukte 
exprimierende Pflanzen wurden mit C. graminicola infiziert, wodurch in einigen Fällen eine 
quantitative Resistenz erzielt werden konnte.  
Neben dem HIGS-Ansatz wurde eine weitere Strategie verfolgt, die darin bestand einen 
Suszeptibilitätsfaktor gegenüber C. graminicola mittels zielgerichteter Mutagenese 
auszuschalten. Dabei handelte es sich um das 9-LIPOXYGENASE LOX3-Gen aus Mais, das durch 
Expression RNA-geleiteter Cas9-Endonuclease gelungen ist in mehreren Pflanzen zu mutieren. 
Homozygote lox3-Mutanten wurden in C. graminicola-Infektionsassays getestet um den Effekt 
der Mutation zu testen. Die Quantifizierung von Pilzbiomasse ergab, dass die lox3-Mutanten im 
Vergleich zum nicht-mutierten Wildtyp signifikant weniger von C. graminicola besiedelt wurden.  
Der Maisbeulenbrand, eine ebenfalls bedeutende Pilzkrankheit, wird durch das biotrophe 
Pathogen Ustilago maydis verursacht. Während des Infektionsverlaufes mit U. maydis erhobene 
Transkriptionssdaten zeigten (Doehlemann et al., 2008), dass in Abhängigkeit der Infektion 
mehrere Mitglieder der LOX-Genfamilie hochreguliert werden, von denen eines LOX3 ist. Daher 
wurden die zur Verfügung stehenden lox3 Mutanten ebenfalls bezüglich ihrer Reaktion auf die 
Infektion mit U. maydis überprüft. Die Quantifizierung der Krankheitssymptome ergab, dass die 
lox3 Mutanten eine mäßige Resistenz gegen U. maydis-Infektionen aufwiesen. Darüber hinaus 
ergab die Quantifizierung der Biomasse von U. maydis, dass die lox3 Mutanten im Vergleich zum 
Wildtyp in geringerem Maß vom Pilz besiedelt wurden. Zudem wurden Infektionstests anhand 
von unabhängig entstandenen lox3 Mutanten durchgeführt, die durch Transposon-
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Insertionsmutagenese erzeugt worden waren. Diese Linien zeigten ein ähnliches 
Resistenzverhalten wie die Cas9-induzierten Mutanten, wodurch konvegente Evidenz erzielt 
werden konnte. Aus der Literatur geht hervor, dass U. maydis die Akkumulation reaktiver 
Sauerstoffspezies (reactive oxygen species, ROS) unterdrückt, um seinen biotrophen 
Pathogenesemodus etablieren zu können. Der in dieser Arbeit durchgeführte ROS- 
Akkumulationstest zeigte, dass die lox3-Mutanten im Vergleich zum Wildtyp eine erhöhte ROS 
Akkumulation aufwiesen, was darauf hindeutet, dass die durch Pathogen-assozierte molekulare 
Strukturen (pathogen-associated molecular pattern, PAMP) ausgelöste Immunität der 
Mutanten zu einer Verringerung der Schwere der Pilzinfektion führte. Dies ist die erste Studie, 
die zeigt, dass lox3 Mutanten eine moderate Resistenz gegen U. maydis aufweisen. Angesichts 

































Keywords: genome engineering, susceptibility factor, plant-pathogen interaction, gene knock-
down, short interfering RNAs 
Maize is one of the most cultivated crops in the world. A disease called anthracnose accounts 
for up to 80% of the loss in maize production. It is caused by the hemibiotrophic fungus 
Colletotrichum graminicola. Unfortunately, the disease is notoriously difficult to combat, since 
host resistance mechanisms are hardly available. In the present investigation, the principle of 
host-induced gene silencing (HIGS) was employed to protect maize plants from C. graminicola 
infection. HIGS is an RNA-interefence (RNAi)-based process, wherein plant-produced short 
interfering RNAs (siRNA) are taken up by the fungus and trigger the silencing of cognate genes 
of the latter. In the present study, genes encoding fungicide targets were chosen as HIGS 
targets, namely C. graminicola -Tubulin 2 and Succinate dehydrogenase 1. RNAi vectors were 
designed using appropriate regions of these target genes. Transgenic plants expressing RNAi 
constructs were infected with C. graminicola, whereby the plants showed quantitative 
resistance.  
In addition to the HIGS approach, a further strategy was pursued, which consisted in knocking 
out a susceptibility factor against C. graminicola by means of targeted mutagenesis. This factor 
was the 9-LIPOXYGENASE LOX3 gene from maize, for which several mutated plants were 
generated by expression of RNA-directed Cas9 endonuclease. Homozygous lox3 mutants were 
tested in C. graminicola infection assays to analyze the consequences of their mutations. 
Quantification of fungal biomass revealed that the lox3 mutants were significantly less colonized 
by C. graminicola compared to the non-mutated wild-type.  
Corn common smut, another important fungal disease, is caused by the biotrophic pathogen 
Ustilago maydis. Transcriptional data (Doehlemann et al., 2008) collected during the course of 
infection with U. maydis showed that, depending on the infection, several members of the LOX 
gene family are upregulated, one of which is LOX3. Therefore, the available lox3 mutants were 
tested for their response to infection with U. maydis. The quantification of the disease 
symptoms showed that the lox3 mutants showed a moderate resistance against U. maydis 
infections. Furthermore, the quantification of the biomass of U. maydis revealed that the lox3 
mutants were colonized by the fungus to a lesser extent compared to the wild-type. 
Furthermore, infection tests were performed using lox3 mutants independently produced by 
transposon insertion mutagenesis. These lines showed a resistance behavior similar to that of 
Cas9-induced mutants, by which the anticipated role of LOX3 for the interaction of maize and 
U. maydis was corroborated. From the literature it is known that U. maydis suppresses the 
accumulation of reactive oxygen species (ROS) to establish its biotrophic mode of pathogenesis. 
A ROS accumulation test revealed that lox3 mutants feature increased ROS accumulation 
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compared to the wild-type, suggesting that the immunity of the mutants triggered by pathogen-
associated molecular pattern (PAMP) led to a reduction in the severity of fungal infection. This 
is the first study showing that lox3 mutants show moderate resistance to U. maydis. In view of 
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1.1 Importance of maize 
Maize (Zea mays L.) is one of the most valuable cereal crops in the world. It belongs to the 
Poaceae family and was domesticated about 10,000 years ago by indigenous people in southern 
Mexico (Benz, 2001). It is a fast-growing C4 annual plant. Maize grains are used for direct human 
consumption as they are rich sources of fiber, vitamins, minerals and anti-oxidants (Gwirtz and 
Garcia-Casal, 2014). It is also used as a primary nutrient source for animal feed. Many industries 
have been using maize as a raw material for the production of commercial products such as oil, 
syrup, alcohol, biofuel, biodegradable plastics and ethanol. Furthermore, maize is employed as 
a model organism to study various biological events such as paramutation, transposition, allelic 
diversity and heterosis (Kynast, 2012; Pathi et al., 2013; Pathi et al., 2020). Owing to its 
importance, the demand for maize production has dramatically increased at a global level over 
recent decades.  
However, environmental factors, namely abiotic (i.e. drought, salinity, high and low 
temperatures, and nutrient deficiency) and biotic (pathogens) stresses pose severe threats 
to maize production, which can lead to substantial yield losses and diminished grain quality. This 
causes a significant impact on the economy and threatening the livelihood of millions of people. 
On a worldwide scale, annual losses of maize caused by pathogens account for approximately 
75 million metric tons (http://faostat.fao.org). The most important and destructive diseases are 
stalk rots, leaf blights, seedling diseases as well as ear and kernel rots (Ali and Yan, 2012; 
Pechanova and Pechan, 2015). Anthracnose is a globally important fungal disease of maize (Boa, 
2001; Balint-Kurti and Johal, 2009). In addition to this, smut fungi are distributed worldwide and 
are important pathogens of maize (Hoefnagels, 2005). The present thesis mainly focuses on the 
establishment of resistance to maize anthracnose and common smut diseases.  
1.2 Anthracnose disease 
Maize anthracnose is caused by the hemi-biotrophic fungal pathogen Colletotrichum 
graminicola (Wilson, 1914). Hemi-biotrophs parasitize in living tissue for a while, which is 
followed by a necrotrophic phase. Besides maize, C. graminicola infects other economically 
important grain crops such as barley, wheat and sorghum. In addition to this, members of the 
genus Colletotrichum are infesting at least 42 plant genera of the Poaceae family (Crouch and 
Beirn, 2009). In addition, many economically important dicotyledonous plant species are 
affected by anthracnoses; e.g. tomato is infected by C. coccodes, Cucurbits by C. lagenarium, 
Bean by C. lindemuthianum, Onion by C. circinans, Cotton by C. gossypii, Pepper by C. capsici, 
Strawberry by C. acutaum, Mango by C. gloeosporioides, Papaya by C. papaya, Grapes by C. 
godetiae and Apple by C. gleosporioides (Jeger et al., 1992). In some cases, the yield reduction 
can be more than 40%, which mainly depends on the crop (Bergstrom and Nicholson, 1999; 
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Tsror et al., 1999). Anthracnose stalk rot reduces the yield, which can cost around 750 million 
dollars annually (Frey et al., 2011). Perkins and Hooker (1979) described the yield penalty in 
Illinois as being up to 17%. Yield Losses are predominantly due to the premature death of the 
plant before the grain is completely filled. However, some losses may also occur at harvest if 
the plants are lodged (Figure 1) (Robertson, 2013). This disease affects all parts of the maize 
plant, and notably, it can be found at any period during the growing season. 
 
 
Figure 1: Maize field lodged with anthracnose disease (Picture credit to T. Jackson-Ziems, 
University of Nebraska) 
1.2.1 Disease symptoms 
The anthracnose disease is commonly associated with leaf blight (ALB), top die-back and stalk 
rot (ASR). 
 
1.2.1.1 Anthracnose leaf blight 
The leaf-blight phase is characterized by spindle- to oval-shaped necrotic areas which may 
appear to be water-soaked or chlorotic (Figure 2A). The lesions are often found first on the lower 
leaves and may progress to the upper leaves. Small, black, hair-like fungal structures known as 
setae often occur in necrotic tissue. The lesions are usually brown with yellow to reddish-brown 






1.2.1.2 Top die-back  
Top die-back is defined as the premature death of the cob, although the lower part of the plant 
remains green (Figure 2B). This symptom appears as early as 1 to 3 weeks after tasseling. Top 
die-back serves for stalk rot. As the stalk rotting phase progresses, the pitch and vascular system 
decay, which is reducing the shift of water to the upper leaves. Consequently, the upper leaves 
tend to dry out and die off.  
 
1.2.1.3 Stalk rot 
Stalk rot is observed as browning of the stalk with black and shiny lesions that usually start 
appearing in the lower part of the stalk (Figure 2C). The stalk rot phase begins soon after 
tasseling, yet it becomes noticeable only in the middle of the grain-filling period. As the fungus 
grows, these black lesions combine to form massive black spots or stripes that form on the lower 
internodes, or on the entire stalk. When the stalk is divided into two halves, a deterioration of 
the inner stalk is seen with dark discoloration at the nodes (Figure 2D).  
 
 
Figure 2: Anthracnose disease symptoms. (A) Leaf blight, (B) Top die-back, (C) Stalk rot, (D) Split 
stalk of stalk rot phase (top-die back and stalk rot phase picture credit to K. Broderick, the 
University of Nebraska, leaf blight picture credit to IITA) 
1.2.2 Disease cycle 
C. graminicola has adapted its lifestyle to live in maize-based agro-ecosystems. It is an aggressive 
pathogen which lives on maize plants and is a facultative saprophyte on residues of maize. The 
maize anthracnose life cycle (Figure 3) can be characterized into five temporal phases 
(Bergstrom and Nicholson, 1999). Primary inoculum phase: primary inoculum for leaf blight 
generally comes from the overwintered maize residues which remain on the surface of the soil. 
The primary infection of the seedling leaves is caused by spores that are produced in the 
acervuli. Spores spread from infested debris which is further spreading by splashing and blowing 




usually consist of oval-shaped lesions that often give rise to concentrically expanding zones. 
Plants in the seedling stage grow so quickly that when new leaves emerge from the whorl, they 
appear resistant and often do not show any disease. Leaf blight of young plants can even lead 
to seedling death. Leaf blight phase: The secondary inoculum for the further development of 
the disease comes from lesions on the lower leaves. Conidia are spread vertically in the canopy 
of the plants by splashing rain. Repeated cycles of production and spreading of the secondary 
inoculum occur during the complete development of the plant. Conidia serve as a secondary 
inoculum for leaf infections, but can also serve as an inoculum for stalk infections. Systemic 
colonization/stalk rot phase: The stalk rind epidermis appears to be infected in a similar way as 
the leaf epidermis. Hence, the stalk rind infection may be a prolongation of the leaf blight phase. 
Conidia formed on leaves may be washed behind the leaf sheath and initiate rind infection. 
Penetration of the pathogen into the stems of non-senescent plants often occurs through 
wounds that break through the rind. The most common wounds in maize are those caused by 
stalk-boring insects, especially by larvae of the European corn borer. C. graminicola is an 
aggressive vascular pathogen in the late vegetative phase, and in the early stages of plant 
reproductive development. It is a well-suited colonist of xylem, since it promptly uses sucrose 
as a carbon source and constitutively produces invertase. Small, oval conidia are formed in the 
xylem vessels. Under favourable conditions, this fungus begins infection by vascular colonization 
and this leads to top die-back. Late-seasonal basal stalk infections are likely the consequence of 
root infections (presumably through contact of the roots with infected maize residues). 
Saprophytic phase: C. graminicola survives as a saprophyte on the infected maize residues on 
the soil surface. Fungi surviving in the stalk tissues from overwinter will proceed with a 
sporulation period during spring (Bergstrom and Nicholson, 1999).  
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1.2.3 Infection and colonization  
Anthracnose is a polycyclic disease, which implies that infection can occur several times 
throughout the season. During the early stages of 
infection, the fungus establishes a biotrophic relationship 
with its host, which is crucial for the success of the 
interaction (Muencha et al., 2008). It takes 6 to 8 hours 
for spores to germinate. As soon as the conidia 
germinate, germ tubes are produced. Such tubes secrete 
materials that act as adhesives binding the fungal 
germling to the plant surface and prevent it from being 
moved from the site of infection by wind or water. 
Initially, melanin is pumped into the appressorium to 
build high turgor pressure, which helps the fungus to 
penetrate into the cell wall by a burst directed towards 
the leaf surface. The resultant structure is called 
penetration peg which then grows, expands through the 
cell and deprives nutrients. Further on, the hyphae 
migrate from the epidermal cells to the mesophyll cells. 
As a defensive reaction, the plant cells produce papillae 
to prevent penetration into the cell, but this is typically 
not successful. It is anticipated that C. graminicola has a biotrophic phase since the plasma 
membrane of the epidermal cells are not immediately penetrated after invasion into the 
epidermal cell wall. By contrast, during necrotrophy, secondary hyphae penetrate through both 
the cell walls and intercellular space (Bergstrom and Nicholson, 1999). Infection and 
colonization is depicted in Figure 4.  
 
1.2.4 Approaches for anthracnose disease management and its limitations 
Several agronomic strategies are used to control the disease. Tillage generally helps to reduce 
the amount of disease inoculum, while the data on the role of tillage in reducing the 
anthracnose stalk rot varies. Cultivation of non-host crops or a crop rotation contributes to the 
reduction of inoculum (Lipps, 1985). Furthermore, the introduction of resistant varieties is an 
essential measure to control anthracnose. Few fungicides were characterized as contributing to 
the control of the leaf blight phase of anthracnose. Foliar fungicides do not act directly on the 
anthracnose pathogen, but there may be some indirect effects. Application of foliar fungicides 
at the time of grain filling period limits the incidence of stalk rot (Shriver and Robertson, 2009) 





Figure 4: C. graminicola invasion 
process (Picture from Bergstrom 
and Nicholson (1999)) 
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1.3 Corn smut 
Corn smut disease is caused by the heterobasidiomycetes biotrophic (feeds on living host tissue) 
fungal pathogen Ustilago maydis which additionally infects teosinte (Zea mexicana) 
(Christensen, 1963). In general, smuts are pathogens which mainly infect members of the grass 
family (Poaceae) and sedges (Cyperaceae). The most economically important hosts beside 
maize are barley (U. hordei), wheat (U. tritici), oats (U. avenae), sugarcane (U. scitaminea), and 
forage grasses. Corn smut is clearly distinguished by tumor-like galls that are formed on aerial 
parts of the plant. Corn smut is considered as a particularly troublesome disease all around the 
globe. In central Mexico, on the other hand, galls growing on corn cobs are found to be an edible 
delicacy known as huitlacoche or cuitlacoche (Juarez-Montiel et al., 2011). Infection in the early 
developmental stages of the plant typically causes death. Severe infection of the mature plant 
leads to infertility (Kostandi and Geisler, 1989). Christensen (1963) stated that, on average, the 
yield penalty can be 25% for a single gall. Furthermore, Kostandi and Geisler (1989) reported 
that big galls located on the cob of corn could reduce yield up to 40-100%. In addition to this, U. 
maydis has been used by researchers as a model organism to study a variety of interesting 
biological phenomena, such as genetic recombination and repair, plant-pathogen interactions, 
fungal dimorphism and fungal mating type. It exhibits a fascinating feature of a life cycle that 
includes both biotrophic and saprophytic stages.  
 
1.3.1 Symptoms 
The maize plants that were infected by U. maydis display chlorotic lesions, anthocyanin pigment 
formation and necrosis while the most apparent symptom is tumor-like gall formation (Figure 
5A) on the above-ground parts of the plants. The disease symptoms strongly depend on the 
disease severity. The size of the galls can be less than 1 cm up to more than 30 cm in diameter. 
Smut galls contain both fungal and host tissues. Young galls are white, firm and coated with a 
semi-glossy periderm. As galls start to mature, the inner tissue turns into semi-fleshy and streaks 
of black tissues appear as teliospores begin to form. While the galls are further matured, a mass 
of powdery teliospores are grown and released once the periderm ruptures (Figure 5B). The 






Figure 5: Galls caused by U. maydis on field-grown maize plants. (A) gall formation on a cob. (B) 
matured galls with a mass of powdery teliospores (pictures kindly provided by Armin Djamei) 
1.3.2 U. maydis life cycle  
U. maydis is a facultative biotrophic fungus and its pathogenic character is closely associated 
with sexual development. The U. maydis life cycle starts with haploid, saprophytic sporidia, 
which reproduce asexually through yeast-like budding. Spores are dispersed by wind or water 
splash on young plants. They can also be spread by the dung of animals after having consumed 
infected maize. U. maydis has two mating-type loci, the multi-allelic b locus, and the bi-allelic a 
locus. Pathogenic development of U. maydis is initiated once the fusion of two sporidia of 
different mating-type loci has taken place (Rowell, 1954; 1955). This fusion is controlled by the 
bi-allelic a locus that encodes a pheromone/pheromone-receptor system, which allows partner 
recognition and cell fusion (Bolker et al., 1992). Pheromone perception leads to the formation 
of non-septate conjugation hyphae which grow towards each other directed by the pheromone 
gradient and fuse at their tips (Snetselaar and Mims, 1992).  
The dikaryotic filament shows tip growth, while segments of the distal hyphae are separated 
from the cytoplasm-filled tip cell by septation (Christensen, 1963; Freitag et al., 2011). The 
contact with the plant surface plays a crucial role in the early differentiation processes of U. 
maydis (Apoga et al., 2004). Appressoria of U. maydis are characterized by swelling of the tip of 
the hyphae. Compared to many other phytopathogenic fungi (i.e. C. graminicola), U. maydis 
appressoria are not melanized (Bell and Wheeler, 1986; Tucker and Talbot, 2001). This implies 
that the penetration into the plant surface is due to the local secretion of lytic enzymes rather 




hypha becomes encased by the cytoplasmic membrane of the host cell. The result is a so-called 
biotrophic interaction zone which facilitates the communication between fungus and the plant, 
thus providing nutrients to U. maydis. By secreting effectors in the apoplastic space, U. maydis 
can suppress the plant's immune responses, which is triggered by molecular pattern associated 
with the plant, in order to establish a biotrophic interaction (Doehlemann et al., 2008). After the 
initial penetration, U. maydis grows intracellularly in epidermal cells. In the later stages of 
infection, the hyphae penetrate the deeper cell layers of the mesophyll, where massive 
proliferation occurs. During the whole cycle of infection, plant tissue remains intact. Initial gall 
formation can be found approximately 4 days after the infection under greenhouse conditions 
(Callow, 1975). Karyogamy occurs in the tumor tissue. Hyphae fragments mature into diploid 
teliospores embedded in a mucilaginous matrix (Banuett and Herskowitz, 1996). After the galls 
have opened, the spores are released and dispersed by wind, rain, or animals. Under favourable 
conditions, they germinate to form a probasidium in which meiosis takes place to form haploid 
cells (Christensen, 1963). The formation of haploid sporidia completes the life cycle of U. maydis 
which is depicted in Figure 6. 
 
 
Figure 6: Life cycle of the U. maydis (Picture source from the book Molecular Mechanisms and 
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1.3.3 Approaches to control the corn smut disease  
Various measures have been recommended to control corn smut, for example crop rotation, 
seed treatments, and application of foliar fungicides. However, once the galls are formed, the 
aforementioned methods are ineffective. Regardless of the control procedures referenced 
above, host resistance is the only practical means of managing corn smut in areas where U. 
maydis is prevalent. Nevertheless, no corn line is immune to infection by U. maydis.  
1.4 Plant immunity  
Plants are constantly exposed to attack by a variety of biological agents such as bacteria, fungi, 
oomycetes, viruses, and insects. These pathogens and pests can then extract nutrients from the 
plants that will enable them to establish and grow, which leads to disease and damage to the 
host plant. In most of the cases, plants can counteract and prevent colonization by 
pests/pathogens. The outcome of the interplay between plant and pest/pathogen is largely 
determined by preformed constitutive defence mechanisms in combination with specific 
defence mechanisms against specific invaders. Plants react to infection by employing a two-
branched innate immune system. Its first defense layer perceives and reacts to molecules that 
are common in many classes of microbes, whereas the second one responds to pathogen-
derived virulence factors (effectors) (Jones and Dangl, 2006). 
 
1.4.1  Pattern-triggered immunity (PTI) 
The pathogen produces elicitors such as peptides, metabolites, cell wall components, enzymes, 
and toxins. Pathogen elicitors are recognized by transmembrane pattern recognition receptors 
(PRRs) which is the first, and the foremost aspect of plant defense leading to an immune 
response coined pattern (Pathogen-Associated Molecular Patterns (PAMPs))-triggered 
immunity (Andolfo and Ercolano, 2015). The recognition of PAMPs by plant pattern recognition 
receptors leads to the activation of characterized downstream signaling events that are 
regulated by salicylic acid (SA), jasmonic acid (JA) and ethylene (ET), which leads to basal 
resistance or PAMP-triggered immunity (PTI) (Glazebrook, 2005; Chisholm et al., 2006; Jones 
and Dangl, 2006).  
 
1.4.2 Effector-triggered immunity (ETI) 
During the co-evolution of host and pathogen, plants have developed a further defense layer 
based on the detection of effector proteins (Chisholm et al., 2006; Jones and Dangl, 2006). When 
the invading microorganism is able to overcome the basal resistance by suppressing PTI of the 
plant, a secondary and more efficient resistance is initiated by plants. This secondary resistance 
is called effector-triggered immunity which occurs mostly within the cell and consists of 
activation of a specific set of resistance (R) genes (Martin et al., 2003; Nimchuk et al., 2003). R 
proteins are polymorphic, and the majority of them is represented by NB-LRR proteins (Dangl 
and Jones, 2001). These proteins recognize a wide variety of pathogen effectors and activate 
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resistance mechanisms in plants. In case of an incompatible reaction between the pathogen and 
the host, the recognition of effector molecules by the plant R proteins activate a robust defense 
response resulting in a hypersensitive response (HR). This is characterized by an apoptotic and 
localized cell death which controls the spread of the pathogen and leads to plant resistance.  
 
1.4.3 Pattern- and effector-triggered immune response 
The immune responses triggered by PRRs and R-gene products are similar (Hammond-Kosack 
and Parker, 2003; Navarro et al., 2004; Tsuda et al., 2009). Nonetheless, constitutive defense 
components and related signaling events playing major roles in these two immunity barriers 
might differ (Navarro et al., 2004; Thilmony et al., 2006; Truman et al., 2006; Zipfel, 2008). 
Overall, these responses are involved in the generation of reactive oxygen species (ROS), 
deposition of callose and transcription of numerous defense genes.  
 
1.4.3.1 Production of reactive oxygen species (ROS) 
One of the most rapid and strong reaction of plants to pathogen infestation is the accumulation 
of reactive oxygen species whereby the molecular oxygen can be converted by various reactions 
into different ROS products, namely superoxide (O2 -), hydrogen peroxide (H2O2), hydroxyl 
radical (OH.) and singlet oxygen (1O2) (Jabs et al., 1997; Apel and Hirt, 2004; Torres et al., 2006). 
The defense reactions related to the generation of ROS include the direct killing of the pathogen, 
activation of host cell death and cell wall strengthening. ROS production during pathogen attack 
is initiated by an increased enzymatic activity of plasma membrane-bound NADPH oxidases, cell 
wall-bound peroxidases and amine oxidases within the apoplast (Grant and Loake, 2000). A 
biphasic generation of hydrogen peroxide occurs during an incompatible interaction leading to 
the activation of programmed cell death in order to restrict the pathogen (Bolwell, 1999). Both 
plants and pathogens have developed efficient scavenging systems to modulate ROS 
homeostasis, which ultimately determine the occurrence, development and consequences of 
diseases in the plants (Aguirre et al., 2005; Heller and Tudzynski, 2011).  
 
1.4.3.2 Deposition of callose 
During the early stages of pathogen attack, plants can induce the formation of physical barriers 
known as papillae that mainly consist of callose which is an amorphous high molecular weight 
β-(1,3)-glucan polymer (Brown et al., 1998; Ellinger et al., 2013). Numerous studies on plant-
pathogen interactions have observed callose deposition in the host tissue as a defence response 
(Bergstrom and Nicholson, 1999; Luna et al., 2011; Seitner et al., 2018). For instance, 
Arabidopsis cotyledons are shown to induce callose formation upon treatment with a bacterial 
peptide (Luna et al., 2011). Bergstrom and Nicholson (1999) have reported the formation of 





1.4.3.3 Phytohormones and corresponding genes in plant defence  
Phytohormones are small molecules that play crucial roles in plant growth development. These 
mechanisms can be manipulated by pathogen attack. Several studies demonstrated the 
significant role of phytohormones such as SA, JA and ET in regulating plant defense responses 
against various pathogens, pests and wounding (del Pozo et al., 2004; Glazebrook, 2005; van 
Loon et al., 2006; Loake and Grant, 2007). SA is involved in providing systemic acquired 
resistance (SAR) which is a long-lasting and broad-spectrum induced resistance. It is 
characterized by an activation of a set of pathogenesis-related (PR) genes that encode proteins 
with anti-microbial activity (van Loon et al., 2006). Typically, SA plays a crucial role in the 
activation of defence responses against hemi-biotrophic and biotrophic plant pathogens (van 
Loon et al., 2006). Studies demonstrated that maize plants can respond to pathogen infection 
with enhanced accumulation of PR proteins (Nasser et al., 1988; Murillo et al., 1997; Murillo et 
al., 1999; Majumdar et al., 2017b). In the case of barley, Al daoude et al. (2020) reported 
activation of the PR1 and PR5 genes in resistant plants to fungal infection. On the contrary, JA 
and ET play vital roles in the defence response against necrotrophic pathogens and herbivorous 
insects. They act synergistically to activate the expression of defense-relevant genes after 
pathogen attack (Penninckx et al., 1996; Thomma et al., 2001). Several genes putatively involved 
in the JA/ ET pathway proved differentially activated during pathogen infection, e.g. LOXs 
(Shivaji et al., 2010; Christensen et al., 2013; Christensen et al., 2014; Nalam et al., 2015), 
ALLENE OXIDE SYNTHASE (AOS) (Shivaji et al., 2010), ALLENE OXIDE CYCLASE (AOC) (Borrego and 
Kolomiets, 2016), 12-OXOPHYTODIENOIC ACID (OPR) (Zhang et al., 2005; Shivaji et al., 2010), 
P450 (Xu et al., 2015), CORN CYSTATIN-9 (CC9) (Pinter et al., 2019), ACYL-COA OXIDASE (ACX) 
(Schilmiller et al., 2007; Xin et al., 2019), HYDROLASE (HYD) (Huffaker et al., 2013; Christensen 
et al., 2015) and PHENYLALANINE AMMONIA LYASE (PAL) (Diallinas and Kanellis, 1994; Kato et 
al., 2000; Shoresh et al., 2005). Ethylene response factors (ERF) act as positive regulators of JA 
and ET signaling. Members of the ERF family were shown to play a significant role in mediating 
plant defence responses (McGrath et al., 2005). Studies indicated a 
complex crosstalk between these hormones (Bari and Jones, 2009). Plants regulate the levels of 
each phytohormone in order to activate an effective defense response against pathogen attacks 
(Robert-Seilaniantz et al., 2011).  
1.5 Microbial manipulation of plant immunity 
During co-evolution, plant pathogens have evolved several strategies in order to overcome plant 
immunity. Research on biotrophic fungal pathogens demonstrated that they vigorously 
suppress plant defenses. In line with this statement, Doehlemann et al. (2008) reported that U. 
maydis can suppress plant-associated molecular pattern-triggered plant immune responses to 
establish a biotrophic relation. In the case of C. graminicola, plant tissue is killed before being 
colonized, which probably facililtates the avoidance of plant immunity (Vargas et al., 2012). 
Furthermore, pathogens secrete effector molecules that can suppress plant immunity pathways 
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and promote susceptibility factors. Several effector molecules are known to manipulate the 
plant phytohormone system (Jones and Dangl, 2006; Dangl et al., 2013; Lo Presti et al., 2015; 
Uhse and Djamei, 2018).  
 
1.5.1 Host susceptibility factors  
In addition to suppressing or evading plant immunity, most pathogens require the cooperation 
of host genes (susceptibility genes) to establish a compatible interaction. Based on these 
interactions, susceptibility genes are associated with some molecular mechanisms, which is 
described below (van Schie and Takken, 2014).  
 
1.5.1.1 Basic compatibility susceptibility factors 
Once the pathogen comes into the first contact with the host surface or rhizosphere, thus far 
inactive pathogen genes are activated. The activation of those genes requires recognition of 
host cues that trigger pathogen development. For instance, plant cutins and epicuticular waxes 
represent such signals for germination and formation of appressoria. Accordingly, plant mutants 
that exhibit changes in the wax composition of the leaves are less susceptible to fungal invasion 
(Hansjakob et al., 2012; Uppalapati et al., 2012; Wang et al., 2012; Weidenbach et al., 2014; 
Weis et al., 2014; Li et al., 2018).  
 
1.5.1.2 Support of pathogen demands 
The cellular processes in the host support specific requirements of pathogens that feed on living 
tissue. The components of these processes can be susceptibility (S) factors. Several obligate 
biotrophs may have lost specific biosynthetic pathways while relying on the supply of host 
metabolites for primary or secondary metabolite biosynthesis. For instance, SWEET proteins are 
sugar transporters that transport sucrose out of plant cells for redistribution of sugars. SWEET 
genes are considered as S factors, since they can be overexpressed during interactions and are 
used to provide nutrients to pathogens (Chandran, 2015).  
 
1.5.1.3 Control of plant defense responses 
Several S genes encode negative regulators of plant defense responses. Accordingly, loss-of-
function-mutants are compromised in the respective defense responses. Notable examples are 
LESION-SIMULATING DISEASE 1 (LSD1) or the constitutive expression of PR genes (CPR) such as 
CPR1 or CPR5. These mutants are generally less susceptible to biotrophic pathogens. In some 
cases, such mutants exhibit resistance to necrotrophic pathogens or broad-spectrum resistance 
(Lorrain et al., 2003).  
1.6 Lipoxygenases 
There is compelling evidence that plant oxylipins play a role as host susceptibility factors (Burow 
et al., 1997; Wilson et al., 2001; Gao et al., 2007; Nalam et al., 2015). In general, lipoxygenases 
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are widely distributed in plants (Feussner and Wasternack, 2002). They belong to a family of 
(non-heme) iron-containing enzymes. Most of which catalyze the dioxygenation of 
polyunsaturated fatty acids into oxidized fatty acids called Oxylipins. The plant lipoxygenases 
(LOXs) catalyze the oxygenation of the polyunsaturated fatty acids linoleic acid (C18:2) and 
linolenic acid (C18:3) which are common substrates for LOXs (Feussner and Wasternack, 2002). 
Plant lipoxygenases are classified into two types according to the position in which they 
oxygenate linoleic acid, namely, 9-LIPOXYGENASE (9-LOX) and 13-LIPOXYGENASE (13-LOX) 
which incorporate molecular oxygen at carbon positions 9- and 13- of the fatty acids' 
hydrocarbon backbone. This oxygenation process leads to two corresponding groups of 
compounds, 9-hydroperoxy and 13-hydroperoxy derivatives of linoleic acid (Liavonchanka and 
Feussner, 2006).  
The 9-LOX enzymes catalyze the conversion of 18:2 linoleic acid (LA) and 18:3 linolenic acid, 
respectively, to 9-hydroperoxide octadecadi(tri)enoic acids (9-HPOD/T) Further, ALLENE OXIDE 
SYNTHASE (AOS) converts 9-HPOD/T to 9,10-epoxy octadecadienoic acid (9,10-EOD), which is 
followed by the formation of either 10-OPDA (oxo-phytodienoic acid) or ketols (Figure 7) 
(Upadhyay et al., 2019).  
The 13-LOX pathway catalyzes the conversion of 18:2 linoleic acid (LA) and 18:3 linolenic acid 
into 13-hydroperoxide octadecatrienoic acid (13-HPOT), which is supplementarily metabolized 
to plant signaling compounds, namely jasmonates and green leaf volatiles (GLVs) (Figure 7). 
Numerous downstream pathway branches utilize the products of 13-LOXs; however, currently, 
the best-characterized enzymes are members of the CYP74 family such as AOS, HPL, DES, and 
ALLENE OXIDE CYCLASE (AOC) (Brash, 2009), and these enzymes have a close relationship with 
each other (Wasternack and Feussner, 2018).  
Some LOXs possess dual substrate specificity by catalyzing 9- as well as 13(S)-hydroperoxy-9Z, 
11E-octadecadienoic acid (13-HPOD)s. For instance, Kim et al. (2003) demonstrated that maize 
LOX1 which predominantly is a 9-LOX producing 13-hydroperoxylinolenic acid and 9-
hydroperoxylinolenic acid in a 6-to-4 ratio. In the case of pea LOX3, a mixture of 9- and 13-
hydroperoxides from linoleic acid is formed (Hughes et al., 1998; Feussner and Wasternack, 




Figure 7: Representation of 9-LOX and 13-LOX pathways in plants. Abbreviations: HPOD: 9 or 
13-hydroperoxide linolenic acid; 13(S) or 9(S)-hydroperoxylinolenic acid; OPDA: 12-oxo-
phytodienoic acid; LOX: Lipoxygenase; AOS: Allene oxide synthase; AOC: Allene oxide cyclase; 
OPR: Oxo-phytodienoic acid reductase. JMT: Jasmonic acid carboxyl methyltransferase; JAME: 
methyl Jasmonate esterase; HPL: Hydroperoxide lyase; DES: Divinyl ether synthase; NE: non-
enzymatic (Picture modified from Porta and Rocha-Sosa (2002))  
1.6.1 Physiological functions of plant lipoxygenases  
LOXs have been identified in various cellular processes involving signaling molecules with 
diverse functions (Wasternack and Feussner, 2018). For instance, LOXs function as vegetative 
storage proteins in the seeds. They perform a crucial role in seed growth and maturation 
(Siedow, 1991). During the early stages of seedling growth, maize and almond 9-LOX expressions 
were particularly high (Jensen et al., 1997; Santino et al., 2005). Studies indicated that LOXs have 
a role in abiotic stress. In agreement with this, the pepper 9-lipoxygenase gene LOX1 plays a 
crucial role in drought, high salinity and osmotic stress (Lim et al., 2015). LOXs expression is also 
modulated in association with the occurrence of signaling molecules nitric oxide (NO) and plant 



































SA. Similarly, 13-LOXs, LOX10 and LOX11 were preferentially expressed in response to 
wounding, JA, SA, ABA and cold stress. At the same time, LOX11 was induced only by ABA 
(Nemchenko et al., 2006; Park et al., 2010; Shu et al., 2017). Phytohormones can also suppress 
the activity of LOXs. For instance, maize LOX6 was shown to be induced by JA, but repressed by 
SA, ET and ABA (Gao et al., 2008b). Studies further suggested that LOX is a major regulator of 
lipid peroxidation, and it likely contributes to the membrane damage at the time of senescence. 
A comparative proteome analysis in maize showed that LOX levels were elevated during initial 
leaf senescence (Wu et al., 2018). A lox3 knockout mutant exhibited advanced senescence and 
reduction in root length and plant height (Gao et al., 2008a).  
 
1.6.2 Role(s) of lipoxygenases in pathogen interaction  
LOX pathways play an essential role in the defensive response to pathogen attacks (Weber et 
al., 1999; Kolomiets et al., 2000; Gobel et al., 2001; Gobel et al., 2002; Gobel et al., 2003; 
Hamberg et al., 2003). The phytohormone JA derived from lipoxygenase is particularly well-
known for its role in wound reactions, and the plant defence against insect and pathogens 
(Creelman and Mulpuri, 2002). Transcripts of maize LOX10, LOX8, LOX5 were induced to 
herbivory and wounding (Nemchenko et al., 2006; Christensen et al., 2013) (Park et al., 2010). 
In the case of biting-chewing herbivores, it has been suggested that the LOX signaling pathway 
plays a significant role in plant defense via important oxylipins, namely 10-oxo-11-phytoenoic 
acid (10-OPEA) through the action of 9-LOXs, 13-LOXs and 12-OPDA (Bruinsma et al., 2010; 
Viswanath et al., 2020). Following herbivory, LOXs leads to an anti-herbivorous oxidative shift, 
which causes both direct and indirect oxidative damage to the herbivore (Kaur et al., 2014). 
Maize LOX10 was induced during the compatible interaction with C. carbonum (Nemchenko et 
al., 2006; Gao et al., 2008b). The function of 9-LOX genes was studied in Arabidopsis against 
Pseudomonas syringae, by which it was found that the 9- hydroxyoctadeca- trienoic acid (9-
HOT)-induced changes in the cell wall reduce pathogen infection (Vellosillo et al., 2013). In 
potato, 9-LOX-oxylipins are involved in the early stage of the defence process against P. 
infestans (Kolomiets et al., 2000). Hwang and Hwang (2010) reported that upon pathogen 
attack, the Capsicum 9-LOX gene LOX1 is upregulated in the leaves. Activity levels of CaLOX1 
were faster in non-silenced pepper leaves than those of CaLOX1-silenced pepper leaves when 
infected with Xanthomonas campestris or C. cocci. The ectopic expression of CaLOX1 in 
Arabidopsis caused increased resistance to P. syringae, Hyaloperonospora arabidopsis and 
Alternaria brassicicola. Rice LOX3 transcripts were increased in leaves after infection with the 
blast fungus M. grisea (Ohta et al., 1991).  
Hypersensitive responses (HR) rapidly kill the plant cells localized around sites of infection, 
which would limit the further spread of pathogens and damage to the plant cells. Therefore, 
LOX products, mainly of 9-LOXs, play an essential role in this process. In tobacco leaves, HR was 
examined via the production of oxylipin-reactive electrophilic species (RES) adducts to 
GLUTATHIONE (GSH) (Davoine et al., 2006). In Arabidopsis, LOX1 was associated with anti-
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microbial activity against P. syringae pv. tomato (Pst) infection. Furthermore, pretreatment of 
lox1 mutant plants with 9-LOX produced 9-KOT, which protected the plant tissue from bacterial 
infection (Vicente et al., 2012).  
The maize genome encodes thirteen LOX genes. They were classified into two categories, that 
is, 9-type and 13-type LOXs based on the respective enzyme activity. LOX1, LOX2, LOX3, LOX4 
and LOX5 are classified as 9-type, whereas LOX7, LOX8, LOX9, LOX10, LOX11 and LOX13 fall into 
the 13-type category. LOX12 and LOX6 are independent of this classification (Nemchenko et al., 
2006; Gao et al., 2008b; Park et al., 2010; Borrego and Kolomiets, 2016).  
Maize 10-OPEA together with 12- and 14-carbon cyclopente(a)nones, which are collectively 
referred to as death acids, play important roles in the provision of JA against the fungal 
pathogen C. heterostrophus infection (Christensen et al., 2015). The maize 9-LOX genes LOX4 
and LOX5 (segmentally duplicated) were shown to be induced by the fungal pathogens C. 
carbonum and F. verticillioides, which was associated with a unique resistance mechanism (Park 
et al., 2010). Similarly, feeding of Spodoptera exigua larvae induced the expression of maize 9-
LOXs to a greater extent than 13-LOXs. LOX3 expression is induced upon Fusarium verticillioides 
and Aspergillus flavus inoculation (Woldemariam et al., 2018). A 9-LOX mutant, lox3-4 of maize, 
exhibited fewer root and mesocotyl necrosis caused by Exserohilum pedicellatum compared 
with the wild-type LOX3 (Isakeit et al., 2007).  
1.7 Strategies to control the plant diseases  
Plant protection is predominantly based on two main aspects, chemical plant protection and 
plant breeding. Fungicides are plant protection agents employed in agriculture to control or 
inhibit fungal growth (Gullino et al., 2000). However, some fungicides that were mostly 
introduced as solo-formulations were broken after various periods of application (Deising et al., 
2008). Besides this, the widespread use of these products to control fungal disease in plants led 
to the emergence of new strains of pathogens that are resistant to commercial products (Garcia 
et al., 2003). For instance, single mutations confer fungicide insensitivity. In the case of benomyl 
and carbendazim, fungicides became ineffective due to single mutations in tubulin. Similarly, 
succinate dehydrogenase mutants are no longer susceptible to boscalid (Malandrakis et al., 
2012; Chatzidimopoulos et al., 2014). In addition to mutation-based fungicide resistance, 
phytopathogenic fungi can acquire resistance to fungicides by activating efflux transporters 
extruding drugs and maintaining intracellular fungicide concentrations below a critical threshold 
(Reimann and Deising, 2005; Kretschmer et al., 2009). Furthermore, the toxicity of fungicides is 
not necessarily limited to the target organism, which has also been reported in mammals 
(Belpoggi et al., 2002), including humans (Mendes et al., 2005). The large-scale utilization of 
fungicides for protection against plant fungal diseases produces long-lasting residues in food 
and the environment (Petit et al., 2008). 
On the other hand, breeding of resistant varieties as been considered as being crucial for the 
development of sustainable agriculture. However, breeding for resistant varieties is not a 
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universally viable approach. In many crops, the ability to discover new R genes is limited by the 
available gene pools. It is important to note that new disease-resistant varieties take long time 
to produce. Unfortunately, pathogen are capable of breaking down specific resistances based 
upon (R) genes within a few years. For instance, the R-genes Mildew resistance locus a (Mla)12 
in cv. Sultan, Mla7 and Mixed lineage kinases (Mlk)1 in cv. Wing, Ml(Ab) and Mla7 in cv. 
Triumph, Mlka9 and Mlk1 in cv. Kym, and Mla13 in cv. Pipkin integrated into barley, conferring 
resistance to the powdery mildew fungus Blumeria graminis f. sp. hordei, showed signs of decay 
after three to four years only.  
1.8 Approaches pursued in this study 
In the present investigation, two approaches were used to control the maize anthracnose 
disease. The first approach is host-induced gene silencing, by which plant-made small RNAs 
down-regulate fungal gene-specific transcripts that are indispensable for pathogenicity and 
fungal growth. 
The second strategy is mutational breeding for disease resistance. This method aims to 
knockout the maize 9-lipoxygenase LOX3 which is a susceptibility factor for C. graminicola 
infections (Gao et al., 2007) by using Cas endonuclease technology. Furthermore, transcriptional 
time course analyses from Doehlemann et al. (2008) demonstrated that LOX3 transcripts are 
increased upon U. maydis infection, suggesting that knocking out LOX3 would likely result in 
improved resistance of maize.  
 
1.8.1 Host-induced gene silencing (HIGS) 
HIGS is an RNA-interference (RNAi)-based process. RNAi itself is an essential gene regulation 
process being conserved across most eukaryotes (Fire, 2007). It is initiated by DICER that is an 
RNase III enzyme cleaving dsRNA into small interfering RNAs (siRNAs) of 20-25 nucleotides in 
length (Papp et al., 2003; Borges and Martienssen, 2015). These siRNAs are each comprised of 
an anti-sense and a sense strand. The anti-sense strand is complementary to the target mRNA. 
The sense strand, which is identical to the target mRNA, has no function and will be degraded 
in the next steps. The anti-sense strand is loaded onto ARGONAUTE (AGO) proteins, together 
with other proteins, to form an active RNA-induced silencing complex (RISC). The anti-sense 
strand can then bind to the target mRNA by sequence complementarity. In case of sufficient 
sequence identity, this results in degradation of the target mRNA so that it cannot be 
implemented via translation (Figure 8) (Pratt and MacRae, 2009; Borges and Martienssen, 2015; 
Majumdar et al., 2017a). RNAi is a crucial pathway to study functional genomics in many 
different organisms such as humans, animals, fungi, worms and plants (Harborth et al., 2001; Li 




Figure 8: Schematic of RNAi-mediated gene silencing in eukaryotes. Double-stranded RNAs 
generate small siRNA duplexes by the action of DICER. The guide RNA strand binds with 
Argonaute (Ago) and other proteins to form an RNA-induced silencing complex (RISC). The 
siRNA/RISC complex then binds the complementary sequence of the target mRNA resulting in 
the degradation of the target transcript or mRNA-RISC complex-mediated inhibition of 
translation. The components of siRNA/mRNA complex can be recycled to the RISC complex or 
generate siRNA duplexes by the action of RNA-dependent RNA-polymerase (RdRP) (picture 
modified from Majumdar et al. (2017a)). 
In the context of host-induced gene silencing, transgene-derived dsRNA is processed into small 
interfering RNA by DICER activity. siRNAs are taken up by the interacting pathogen, and interfer 
with the targeted transcripts, which leads to their cleavage and thus entails the reduction of 
fungal growth. The transfer mechanism for siRNAs from plant to fungus remains elusive. 
However, recent literature indicated that siRNAs can be transferred via extracellular vesicles 
called exosomes (Cai et al., 2018a; Cai et al., 2019; Koch et al., 2020). Numerous studies 
indicated that RNAi technology could be used in plant protection strategies (Nunes and Dean, 





















HIGS-based protection against pathogenic fungus B. graminis. Furthermore, this method has 
proved to be successful in silencing the transcripts of numerous pathogenic fungi such as B. 
graminis (Pliego et al., 2013), Puccinia striiformis f. sp. tritici (Yin et al., 2011; Zhang et al., 2012), 
P. triticina (Panwar et al., 2013), F. culmorum (Chen et al., 2016), F. graminearum (Koch et al., 
2013; Cheng et al., 2015), Bremia lactucae (Govindarajulu et al., 2015), Botrytis cinerea (Wang 
et al., 2016b) and F. oxysporum f. sp. Cubense (Ghag et al., 2014). In addition to fungal 
pathogens, RNAi has been utilized to develop virus-resistant plants by expressing virus-specific 
anti-sense transgenes (Frizzi and Huang, 2010). In recent times, a new RNAi-based plant 
protection has emerged called spray-induced gene silencing (SIGS). This approach relies on 
spraying of artificially synthesized double-stranded RNAs (dsRNAs) to control pathogens. Few 
studies were successful in silencing the pathogen genes by using SIGS. (Safarova et al., 2014; 
Koch et al., 2016). However, in-vitro production of dsRNAs is expensive and sprayed dsRNAs are 
unstable, and therefore the practical implementation of SIGS to control pathogens is has not 
been achieved yet. 
The major advantage of HIGS is that it operates at the RNA level, thereby the plant protection 
could be achieved without requirement of any proteinaceous gene product that may cause 
undesirable, hardly predictable side effects. HIGS was shown to be effective in plants that are 
interacting with fungi, nematodes and insects (Yadav et al., 2006; Baum et al., 2007; Chen et al., 
2010; Nowara et al., 2010; Pitino et al., 2011; Zhang et al., 2015; Chen et al., 2016). Fungicide-
resistant pathovars can still be addressed by HIGS, since resistance to fungicides are usually 
based on small mutations in the fungus target gene sequence. These mutations would not 
significantly affect the complementarity of the interfering RNAs, which cover a larger part of the 
target mRNA. 
Candidate gene selection plays a vital role for the success of HIGS approaches. Particularly useful 
genes include those that are indispensable for fungal growth and pathogenicity. Previous 
studies by plant reproductive biology (PRB) group and of others have shown that for some 
reason, only a few of the pre-selected candidate genes have been proved effective in HIGS 
approaches (Baum et al., 2007). One problem was that the level of resistance achieved through 
HIGS was often insufficient for practical implementation. In the present investigation, fungicide 
target genes were used for HIGS approaches. Fungicide targets had been comprehensively pre-
evaluated as being indispensable for pathogenicity. In particular, -Tubulin and Succinate 








Fungal -Tubulins are the molecular targets for 
benzimidazole fungicides that are effective in controlling 
many plant diseases caused by the fungus (Zhou et al., 
2016). Benzimidazole fungicides are a family of 
fungicides, which include Fuberidazole, Thiabendazole, 
Thiophanate-methyl, Carbendazim and Benomyl 
(Hollomon et al., 1998; Ma and Michailides, 2005; Zou et 
al., 2006). The above-mentioned fungicides bind to -
Tubulins and inhibit microtubule assembly. 
Typically, many eukaryotes have α- and -Tubulins that 
are encoded by multigene families and are usually 
assembled into head-to-tail heterodimers to form the 
basic microtubule building block (Raff, 1984; Cleveland, 
1987) (Figure 9). Microtubules play a crucial role in a 
variety of essential cellular processes. They are involved 
in the maintenance of cell structure, cell division and 
intracellular transport (Nogales, 2001; Garnham and 
Roll-Mecak, 2012; Janke and Bulinski, 2012; Meunier and 
Vernos, 2012).  
 
1.8.1.2 Succinate dehydrogenase (SDH) 
Succinate dehydrogenase (SDH) proved to be a promising target for fungicide discovery. SDH 
inhibitors (SDHIs) have demonstrated broad-spectrum activity against various fungal species 
(Xiong et al., 2015). In recent years, several new succinate dehydrogenase (SDH)-inhibiting 
fungicides were launched. They are collectively referred to as SDHIs. Fungicide resistance action 
committee (FRAC) currently lists 17 SDHI compounds comprising Thifluzamide, Sedaxane, 
Penthioprbpyrad, Penflufen, Oxycarboxin, Mepronil, Isopyrazam, Furametpyr, Fluxapyroxad, 
Flutolanil, Fluopyram, Fenfuram, Carboxin, Boscalid, Bixafen, Benzovindiflupyr and Benodanil 
(Sierotzki and Scalliet, 2013). Above-mentioned commercially available SDHI fungicides typically 
bind to the ubiquinone-binding site of the SDH enzyme. The primary biochemical mode of action 
is the blockage of the tricarboxylic acid (TCA) cycle at the level of succinic acid oxidation to 
fumaric acid, which results in respiratory inhibition.  
Succinic acid dehydrogenase is the only enzyme involved in both TCA cycle and electron 
transport chain which oxidize succinate to fumarate with the reduction of ubiquinone to 
ubiquinol. Eukaryotic succinate dehydrogenase is composed of the four subunits SDH 1-4 (also 
referred to as SDH A-D). The flavoprotein SDH-1 covalently binds flavin adenine dinucleotide 
(FAD) cofactor to the succinate-binding site. SDH-2 contains iron-sulfur clusters. The catalytic 
domains of SDH1 and SDH2 are present at the matrix side, while SDH-3 and SDH-4 are the 
 
Figure 9: Microtubules are formed 
from dimer subunits of alpha (α)- 
and beta ()-Tubulin that arrange 
themselves into a hollow tube 
(picture modified from Muroyama 







hydrophobic membrane-anchoring subunits that enable the transfer of electrons from 
succinate in the mitochondrial matrix to ubiquinone in the inner membrane (Dibrov et al., 1998; 
Cecchini, 2003; Yankovskaya et al., 2003; Sun et al., 2005) (Figure 10). 
 
Figure 10: The structure of succinate dehydrogenase (SDH). SDH is composed of the four 
subunits 1, 2, 3, and 4. Succinate is oxidized to fumarate in the TCA cycle, while the electrons 
given up are provided for the oxidative phosphorylation of subunits 1, 2, 3, and 4 to eventually 
form complex III. (Picture modified from Moosavi et al. (2020)) 
1.9 Site-directed mutagenesis 
Site-directed mutagenesis is a biotechnological approach that is used to alter (nucleotide 
insertion, deletion or replacement) the DNA sequence at a predefined location of the host's 
genome. Site-directed mutagenesis is an efficient, flexible and reliable method to rapidly 
produce new plant varieties with improved gene variants and traits, to cope with the serious 
challenges agricultural production is facing. Furthermore, these techniques will enable the 
possibility to study the gene function and its regulation, which creates a big impact on basic 
science (Gurushidze et al., 2017). The main tools for site-directed mutagenesis that have been 
used in the last three decades are based on engineered nucleases. Those are meganucleases, 
zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and 
clustered, regularly interspaced, short palindromic repeats (CRISPR)-associated (Cas) 
endonucleases (Koeppel et al., 2019) (Fig 11). The above-mentioned endonucleases can be 
customized to cleave a specific DNA sequence motif in live cells that is then processed by the 



















1.9.1 Cellular repair mechanisms for DNA double-strand breaks 
The mechanisms of cellular DNA repair are either non-homologous end-joining (NHEJ) or 
homology-directed repair (HDR).  
 
1.9.1.1 Non-homologous end-joining (NHEJ) 
Studies on DNA repair mechanisms have shown that NHEJ is preferably used in DSBs repair 
mechanism in somatic plant cells (Waterworth et al., 2011). In the context of NHEJ, the two ends 
of broken double-stranded DNA are religated, which may accidentally result in nucleotide 
insertions or deletions (Lieber, 1999) (Fig 11).  
 
1.9.1.2 Homology-directed repair 
Homology-directed repair (HDR) is the dominant DSBs repair mechanism in yeast and bacteria. 
It plays a minor role in somatic plant cells. HDR mainly occurs during the S and G2 phases of the 
cell cycle by using homologous sequences, that is, from the sister chromatid that acts as a 
template for repair. The two best-known mechanisms of HDR in somatic cells are single-strand 
annealing (SSA) and synthesis-dependent strand annealing (SDSA) (Puchta and Fauser, 2014). In 
both mechanisms, the double-stranded DNA ends are first 3'-resected, which leads to 5'-
overhangs. In the SSA mechanism, these strands then hybridize with complementary regions, 
digesting non-homologous overhangs and filling gaps by repair synthesis (Siebert and Puchta, 
2002). The SSA mechanism only works when DSBs involve two homologous sequences and leads 
to loss of sequence information (Puchta and Fauser, 2014). In comparison, the repair of DSBs by 
the SDSA does not result in the loss of sequences, but there may be changes in the information 
content owing to recombination. In this mechanism, one of the generated 3'-ends forms a D-
loop structure with the homologous, double-stranded repair template. After elongation, this 
strand is released and hybridizes with the 3'-homologous strand to eventually fill the break 
(Puchta and Fauser, 2014). In the context of genome editing experiments, HDR is stimulated by 
homologous donor templates that are delivered in the form of single-stranded 
oligodeoxynucleotides (ssODNs) or double-stranded DNA (dsDNA) donors. The HDR of these 
DSBs enables precise editing of the genome by introducing defined genomic changes, for 
instance, sequence insertions, deletions and defined base substitutions.  
On the other hand, micro-homology-mediated end-joining (MMEJ), which involves the 
alignment of micro-homologous sequences that are internal to the broken ends before joining 
(Sfeir and Symington, 2015). MMEJ could result in larger deletion, consequently in the loss of 
comparatively a large amount of genetic information. MMEJ based genome engineering 







Figure 11: Four platforms of target sequence-specific endonucleases and possible alterations by 
cellular DNA double-strand break repair mechanisms in plant genomes. The DNA-binding 
domains of meganucleases, zinc finger nucleases (ZFNs) and transcription activator-like effector 
nucleases (TALENs) are proteinaceous, while the RNA-guided endonucleases (RGENs) bind to 
the target sequence by complementary nucleotide pairing. The target sequence-specific double-
strand breaks generated by the endonucleases are subsequently repaired by the cells' own 
repair machinery. Non-homologous end-joining may lead to error prone repair, resulting in 
random insertions or deletions. In contrast, homology-dependent repair in combination with a 
repair template can be used to integrate, remove, correct or exchange genes at predefined sites 
in the genome. RVDs, repeat variable diresidues; PAM, protospacer-associated motif. Picture 
modified from (Hiekel et al., 2015). 
1.9.2 Meganucleases 
One of the earliest attempts of genome engineering was based on meganucleases. These are 
naturally occurring endonucleases capable of recognizing long stretches of nucleotides (12 to 
40) and of producing double-strand breaks (DBS) (Silva et al., 2011). The most commonly used 
meganuclease is the I-SceI from Saccharomyces cerevisiae (Plessis et al., 1992; Pauwels et al., 
2014). Meganucleases have mainly been used to study DNA repair mechanisms (Daboussi et al., 
2015). For instance, meganuclease I-SceI-induced DSBs in tobacco protoplast has resulted in a 
significantly increased frequency integration of co-transformed construct by HDR (Puchta et al., 
1996). A similar approach was demonstrated with the enzyme I-CeuI from Chlamydomonas 



















































endonucleases to other target sequences is very complex, expensive, and limits routine genomic 
engineering (Prieto et al., 2007).  
 
1.9.3 Zinc finger nucleases 
Zinc finger nucleases (ZFNs) are a class of artificial restriction enzymes. ZFNs were developed by 
the fusion of zinc finger-based DNA binding domains with the cleavage domain of the FokI 
endonuclease (Kim et al., 1996). Each zinc-finger particularly interacts with three base pairs (bp) 
of the genomic target sequence and multiple zinc-fingers can be assembled consecutively to 
recognize and bind to a total of 9 to 12 bp of DNA (Voytas, 2013). ZFNs should always be used 
in pairs, since the FokI endonuclease domain is only catalytically activated when it is present as 
a dimer (Kim et al., 1996). The target motif on the DNA are selected in such a way, that the two 
zinc finger nuclease monomers bind to the target DNA in anti-parallel manner, with an 
appropriate distance from each other. Subsequently, DNA double-strand breaks (DSB) are 
created in the space between the two binding sites (Smith et al., 1999; Doyon et al., 2008). ZFNs 
were expressed in Arabidopsis plants, which induced DSBs that were repaired by NHEJ and 
which resulted in indels (Lloyd et al., 2005). Wright et al. (2005) demonstrated an increased 
gene targeting efficiency in tobacco protoplasts by using ZFNs. Further examples followed for 
Arabidopsis (Tovkach et al., 2009; Osakabe et al., 2010; Zhang et al., 2010; de Pater et al., 2013), 
tobacco (Maeder et al., 2008; Cai et al., 2009; Townsend et al., 2009; Marton et al., 2010), maize 
(Shukla et al., 2009) and petunia (Marton et al., 2010), which showed either target sequence-
specific mutations after ZFN-induced DSBs by NHEJ or targeted DNA integration via HDR.  
Despite the advantages of ZFN-based genome editing, there are several potential drawbacks. 
The use of ZFNs is often associated with toxic effects which can be explained by off-target DSBs 
that are hardly avoidable (Szczepek et al., 2007). Furthermore, the binding specificity of zinc 
fingers can be unpredictably affected by other zinc fingers that are part of the same synthetic 
binding domain.  
 
1.9.4 Transcription activator-like effector nucleases 
Transcription activator-like effector nucleases (TALENs) are similar to ZFNs, as they are chimeric 
proteins formed by the fusion of a modular DNA-binding domain with the FokI endonuclease 
cleavage domain. However, in contrast to ZFNs, their customizable DNA binding domains are 
derived from transcription activator-like effectors of plant pathogenic bacteria of the genus 
Xanthomonas (Christian et al., 2010). A cocktail of these effector proteins secreted by the 
bacterium migrates into the nuclei of infected plant cells, where they particularly bind to the 
promoter region of target genes and manipulate their expression to the benefit of the pathogen 
(Boch and Bonas, 2010). The binding domain comprises a variable number (13-28) of near-
identical tandem repeats with each repeat consisting of 33 to 35 amino acids. The various types 
of these repeats are characterized by preferential binding to one of the four nucleotide bases 
present in the DNA (Boch et al., 2009; Moscou and Bogdanove, 2009). These specificities are 
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defined by specific amino acids in positions 12 and 13, which have been referred to as repeat-
variable diresidues (RVDs). The four predominantly occurring RVDs are NI, NG, HD and NN, 
which preferentially bind to adenine, thymine, cytosine and guanine, respectively (Joung and 
Sander, 2013). This principle allows the generation of customized expression units for binding 
domains in which the RVDs are sorted according to predefined DNA target sequences, provided 
the bound motifs are preceded by a thymine. Those synthetic DNA-binding domains coupled 
with FokIR constitute universal tools for the sequence-specific induction of DSBs (Christian et 
al., 2010). The first successes of TALEN-based mutagenesis in plants were achieved in 
Arabidopsis protoplasts (Cermak et al., 2011) and N. benthamiana leaves (Mahfouz et al., 2011). 
After that, TALEN-induced mutations were produced in rice plants and demonstrated to be 
heritable (Li et al., 2012). In the following years, several plants species' genomes were altered 
by using TALENs such as soybean (Haun et al., 2014), tomato (Lor et al., 2014), barley 
(Gurushidze et al., 2014), wheat (Wang et al., 2014) and maize (Char et al., 2015). In addition to 
these NHEJ-mediated mutations, it has also been demonstrated that TALEN-induced DSBs, can 
be used for HDR-mediated gene exchange and targeted insertion in plants when repair 
templates are provided (Zhang et al., 2013; Budhagatapalli et al., 2015). Due to the modularity 
of the DBD of the TALE proteins, it is possible that functional domains of other enzymes such as 
methylases, activators or repressors of transcription can be fused to the C-terminus in addition 
to endonucleases in order to modify gene expression in plants (Fichtner et al., 2014). The biggest 
disadvantage of the TALENs is their size. For researches, it is practically difficult to assemble 
TALEN-coding expression units (Cermak et al., 2011). Furthermore, the delivery and expression 
of the TALENs into target cells are more challenging.  
 
1.9.5 RNA-guided Cas endonucleases 
A new platform has emerged based on RNA-guided Cas endonucleases which derive from the 
CRISPR/Cas (clustered regularly interspaced short palindromic repeats/CRISPR-associated 
protein) adaptive immune system of microbes (Jinek et al., 2012). Bacteria and archaea have 
developed such an adaptive defense mechanism to defend against invading viruses (Wiedenheft 
et al., 2012). The RNA-guided endonuclease used for genome engineering is the Type II Cas9 
from Streptococcus pyogenes. The Cas endonuclease platform consists of two components; a 
synthetic guide RNA (gRNA) and the Cas protein. The gRNA is designed to specifically bind with 
its 5'-end to a user-defined DNA sequence and guides the Cas9 endonuclease towards this target 
that is to be cleaved (Figure 12). The recognition of ca. 20 nucleotides of the target motif (called 
protospacer) is brought about by the principle of complementary base pairing, which allows 
producing gRNAs for any sequence of choice. In addition to this, the target motif also includes 
few nucleobases downstream of the target motif which is called protospacer-adjacent motif 
(PAM) and is bound by the Cas9 protein. For the case of SpCas9, the PAM sequence is NGG 
(where N stands for any nucleobase and the Gs for two guanines). The DSB occurs between the 
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third and fourth nucleotide in 5'-direction from the PAM (Jinek et al., 2012; Sander and Joung, 
2014).  
 
Figure 12: Representation of gRNA-mediated Cas9 in assembly with the target motif. The Cas9 
endonuclease is guided by a chimeric guide RNA (gRNA) to the target motif, where it generates 
double-strand breaks 3 to 4 bp upstream of the PAM. This target motif consists of the 
protospacer, a ca. 20 bp long sequence to which the gRNA binds by complementary base pairing. 
Secondly, the target sequence is defined by the protospacer-adjacent motif (PAM) which 
consists of NGG nucleotides located at the 3'-end. Cas9 recognizes a specific PAM sequence on 
the DNA, which is subsequently cleaved by the two nuclease domains RuvC and HNH (Picture 
modified from Mahfouz et al. (2014)). 
 
1.9.5.1 Methodological aspects of Cas endonuclease technology 
1.9.5.1.1 System components 
The application of Cas endonuclease technology in plants offers several possibilities and certain 
specific requirements for the construction of transformation vectors. Several modifications 
were made in Cas9 endonucleases in order to use them in plants. Notably, the coding sequences 
were complemented by one or two nuclear localization signals (NLS) and the codon usage was 
optimized for various plant species (Shan et al., 2013; Lawrenson et al., 2015; Liu et al., 2017b). 
In addition to this, various promotors have been used to drive endonuclease expression, 
depending on the host organism. A doubled-enhanced cauliflower mosaic virus (2x35S) 
promoter has been used in crop plants for test systems (Shan et al., 2013; Shan et al., 2014; 


















preferentially used. Consequently, the maize POLYUBIQUITIN 1 promoter (ZmUBI1) has 
commonly been used for cas9 expression to produce heritable mutations in monocots (Shi et 
al., 2017; Upadhyay et al., 2019). 
The expression cassette for a gRNA generally consists of plant origin RNA polymerase III (Pol III) 
processed promoters and terminators. A comparative test in maize protoplasts had shown that 
U3 promoters from wheat and rice were more efficient than the U6 promoter from Arabidopsis 
which was preferentially used in dicots (Xing et al., 2014). In the case of barley and wheat, the 
wheat U6 promoter is so far mostly used (Wang et al., 2014; Holme et al., 2017; Upadhyay et 
al., 2019). More recently, a study by Kumar et al. (2018) indicated that the barley U3 promoter 
might be more efficient in generating mutants of barley than the rice U3 promoter. Various 
systems have been developed for the expression of multiple gRNAs (Xing et al., 2014; Lowder 
et al., 2015; Ma et al., 2015). In most cases, each gRNA is expressed by a separate Pol III 
promoter.  
 
1.9.5.1.2 Criteria for target motif selection and in silico gRNA design 
The target sequence-specific part of the gRNA typically has a length of 20 nucleotides (Jinek et 
al., 2012; Cong et al., 2013). High performance was shown in Arabidopsis and barley when the 
target sequence-specific gRNA is less than 20 nucleobases long. In contrast, an extension of 
gRNA at 5'- part over 20 nucleotides led to reduced cleavage efficiency (Cho et al., 2014). Several 
online platforms were developed for the selection of target motifs and corresponding gRNAs. 
For instance, CRISPR-Plant (Lei et al., 2014; Liu et al., 2017a), Benchling (Naim et al., 2020), WU-
CRISPR (Wong et al., 2015), CRISPOR (Haeussler et al., 2016; Concordet and Haeussler, 2018). 
All the above-mentioned online platforms have pros and cons. This is supposed to be one of the 
reasons that the reliability of their results is still limited. Studies which were focused on the 
gRNA secondary structure, Liang et al. (2016) found that three of the common stem-loops in the 
gRNA 3'-part are essential for appropriate binding to the Cas9 protein, thereby it is critical to 
the overall functionality of the gRNA/Cas complex. In order to increase the efficacy, it is 
recommended to investigate the secondary structure of candidate gRNAs thoroughly. Online 
platforms such as mfold (Zuker and Jacobson, 1998; Waugh et al., 2002; Zuker, 2003) or RNAfold 
(Gruber et al., 2008; Lorenz et al., 2011) are available for the prediction of secondary RNA 
structures. Pre-validation of the gRNA/cas construct is essential for its functionality prior to 
stable transformation. To this end, few transient expression systems have also been established 
(Budhagatapalli et al., 2016; Feng et al., 2016). The most commonly used transient expression 
method is based on the transfection of isolated mesophyll protoplasts, whose plasma 
membrane is rendered porous by application of polyethylene glycol. This enables the gRNA/Cas 
construct to be taken up by the protoplasts, which has been exemplified in several studies 
(Wang et al., 2014; Feng et al., 2016; Liang et al., 2016; Gerasimova et al., 2019). The 
functionality of the transferred components can be verified after amplification of the genomic 
target regions using T7E1 assay, by Sanger or deep sequencing methods. 
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In recent years, several Cas variants have emerged with unique features. For instance, Cas12a 
(Cpf1) recognizes the PAM NTT located at the 5'- end of the protospacer and generates DSBs. 
The T-dependent PAM of Cpf1 extends the range of possible target sequences of RGENs 
(Zetsche et al., 2016). Cas14a is used as a genome engineering tool for the cleavage of single-
stranded DNA (ssDNA)(Khan et al., 2019). This tool was successfully used to engineering 
resistance against economically important plant ssDNA viruses because of its sequence-
independent and unrestricted cleavage (Khan et al., 2019). Several Cas variants and their usages 
were reviewed by Manghwar et al. (2019). Advancement in genome engineering has led to an 
ambitious approach called basic editing. This approach would help to specifically modify a single 
nucleotide into another so that no more than one amino acid of the encoded protein is altered 
at a time (Zong et al., 2017). Cytidine deaminases can convert C/G base-pairs to T/A in the target 
region, whereas adenosine deaminases induce A/T to G/C conversions (Komor et al., 2016; 
Gaudelli et al., 2017). The functionality of cytidine and adenosine deaminases has already been 
demonstrated in several plant species (Zong et al., 2017; Zong et al., 2018).  
By the utilization of Cas endonuclease technology, any genomic target of choice can be 
modified, which offers novel opportunities for genetic improvement. This technology has 
successfully been used in mono-and dicotyledonous plants by using single gRNA expression 
systems for instance in barley (Gerasimova et al., 2020), wheat (Budhagatapalli et al., 2020), rice 
(Wang et al., 2016a), tobacco (Schedel et al., 2017) and poplar (Fan et al., 2015). A single 
cleavage site typically results in short deletions and/ or insertions, whereas simultaneously 
addressed pairs of target motifs can result in accordingly large and precisely predictable 
deletions. Targeting more than one genomic target site simultaneously resulted in the deletion 
of large fragments (Li et al., 2013; Mao et al., 2013) up to whole genes and chromosomal regions 
(Zhou et al., 2014). Several studies demonstrated multiplex genome editing in plants (Brooks et 
al., 2014; Zhou et al., 2014; Char et al., 2017; Kapusi et al., 2017; Srivastava et al., 2017; Pathak 
et al., 2019). Current utilization of Cas endonuclease technology is still mainly limited to random 
mutagenesis caused by non-homologues end-joining (NHEJ) based repair mechanism. 
Meanwhile, the targeted insertion or exchange of genes using HDR has only been demonstrated 
in few situations, with examples in the model plants Arabidopsis (Hahn et al., 2018) and N. 
benthamiana (Li et al., 2013), but also in crops such as soybean (Li et al., 2015) and rice (Sun et 












2. Objectives of the study  
The main objective of the current study is to develop resistant maize plants against yield loss-
causing fungal pathogens. Studies on maize diseases have indicated that anthracnose, and 
common smut of corn are important maize diseases that cause yield losses up to 40% and 15%, 
respectively.  
 
The standard agricultural strategies are inadequate to control diseases. For instance, the 
application of fungicides does not control the stalk rot phase anthracnose. Similarly, fungicide 
application does not help to control the corn smut fungus once the galls are formed. In addition 
to this, the fungicides are in the form of solo formulations. Within a short period fungus can 
develop resistance to such fungicides by undergoing point mutations. Furthermore, fungi 
tolerate a certain concentration of fungicides by activating efflux transporters. On the other 
hand, resistant maize cultivars are hardly available for both fungal pathogens and therefore, to 
develop new resistant varieties through breeding is a time-consuming process. 
 
To address the maize anthracnose disease, two approaches were pursued. Host-induced gene 
silencing to knock-down fungal essential genes. The rational of this approach is to use fungicide 
target genes as HIGS targets, since these genes are essential for fungal growth and 
pathogenicity. C. graminicola -Tubulin (target for the benzimidazole group of fungicides) and 
Succinate dehydrogenase (SDH is a significant target for boscalid) are used as HIGS targets.  
 
During the co-evolution, several fungi have taken advantage of using plant genes and derived 
products for its development and successful colonization. Plant Lipoxygenases (LOXs) are 
proven for their role in plant-pathogen interaction. Most strikingly, Gao et al. (2007) reported 
that maize 9-LIPOXYGENASE LOX3 acts as a susceptibility factor for C. graminicola infections. 
Intriguingly, transcriptional time-course experiments in U. maydis-infected maize revealed a 
large number of maize genes being upregulated upon the establishment of biotrophy 
(Doehlemann et al., 2008). Among these genes is the maize LIPOXYGENASE-3 (LOX3) that has 
previously been shown to be a susceptibility factor for C. graminicola as well. Given this 
information, maize LOX3 was chosen to be knocked out, which may provide resistance to both 
fungal pathogens. Prior to knocking out target gene, it is essential to establish the genome 
engineering platform in maize. To this end, Cas endonuclease technology was opted, since it 




1. Develop anthracnose disease-resistant maize by knock-down of essential fungal genes 
2. Establishment of Cas endonuclease technology in maize 
3. Knockout of a susceptibility factor for fungal infection in maize (LOX3) 
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3. Materials and Methods 
3.1 Chemicals and consumables 
The chemicals and consumables were purchased from the following suppliers: Ambion 
(Waltham, MA, USA), BD (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), Biozym 
Scientific GmbH (Hessisch Oldendorf, Germany), BRAND GmbH + Co KG (Wertheim, Germany), 
Carl Roth GmbH + Co. KG (Karlsruhe, Germany), Duchefa Biochemie B.V (Haarlem, Netherlands), 
Eppendorf (Hamburg, Germany), Greiner Bio-One GmbH (Frickenhausen, Germany), Roche 
(Mannheim, Germany), Serva Electrophoresis GmbH (Heidelberg, Germany) and Sigma-Aldrich 
(St. Louis, MO, USA). Individual chemicals or materials purchased from other companies are 
specifically noted in the text. 
3.2 Enzymes 
The restriction enzymes used were either conventional or fast digest enzymes from Thermo 
Fisher Scientific (Waltham, MA, USA). They were used according to the manufacturer's 
instructions. 
3.3 Antibiotics 
Stock solutions of antibiotics were prepared with ddH2O and filter-sterilized using 0.2 μm 
syringe filters. Deviations from this procedure are indicated with stars. The wide range of 
antibiotics used in this study were listed in Supplemental Table 1. 
3.4 Oligonucleotides 
The oligonucleotides used in this study were designed by using Clone Manager 9 Professional 
Edition (Scientific & Educational Software, Morrisville. NC. USA). The RT-qPCR/qPCR-specific 
primer sequences were downloaded from the literature and respective oligonucleotides 
synthesized by the companies Metabion (Planegg, Germany) and Biolegio (Netherlands). The 
primers used in this study are listed in Supplemental Table 2. 
3.5 Software 
The software packages used in this study are listed in the Supplemental Table 3. 
3.6 Generation of maize transformation vectors 
3.6.1 RNAi (hairpin) vectors  
To validate the RNAi target gene sequences, primers were designed for full-length genes of -
Tub2 (GenBank accession number M34492.1) and Sdh1-4 (GenBank accession numbers 
XM_008092321.1, XM_008092320.1, XM_008101415.1, XM_008091315.1). To this end, C. 
graminicola genomic DNA was used as template and the PCR-amplified sequences were 
subsequently confirmed by Sanger sequencing. The Gateway cloning method was used to 
produce RNAi vectors for the generation of stable transgenic maize plants. To this end, pTA38 
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was used as an entry vector (Himmelbach et al., 2007). The selected target regions (5'-UTRs and 
5'-ends of the coding sequences) were introduced into the entry vectors named as pIPKTA38-
Sdh1 and pIPKTA38-Tub2. IPKb009 and IPKb027 were used as the final destination vectors 
(Himmelbach et al., 2007; Kumlehn, 2008). The destination vectors contain doubled-enhanced 
Cauliflower Mosaic Virus 35S (IPKb009) and maize POLYUBIQUITIN 1 (IPKb027) promoters to 
drive transcription of the chosen sense and anti-sense sequences. These sequences were 
oriented in opposite direction to one another and connected by the wheat RGA2 intron. The 
selected target fragments from pIPKTA38 (Sdh-1, Tub-2) were cloned into the RNAi destination 
vector IPKb009 and IPKb027 by a single LR recombination reaction. Correct orientation 
concerning sense and anti-sense sequences were confirmed by Sanger sequencing and 
restriction analyses. The verified constructs were introduced into the hypervirulent AGL1 strain 
of Agrobacterium tumefaciens using electroporation. The positive constructs were named as 
pNB96, pNB97, pNB98, and pNB99.  
3.6.2 Vectors for RNA-guided Cas9  
The sequence of the target gene ZmLOX3 was obtained from the maize genome database 
(https://www.maizegdb.org/). The obtained sequences were further verified by browsing other 
available databases. The target motifs for site-directed mutagenesis were selected within the 
first exon. For the selection of target motifs, the online tools WU-CRISPR (Wong et al., 2015), 
and DESKGEN (Doench et al., 2016) were chosen, which resulted in five best-scoring gRNAs 
(sequences are listed in Supplemental Table 4). The secondary structures of the gRNAs were 
modeled with the web-based tool RNAfold described by (Gruber et al., 2008). pSH121 was used 
as a generic vector (Gerasimova et al., 2020). This vector harbors a maize codon-optimized cas9 
coding sequence under control of the maize POLYUBIQUITIN 1 promoter, and a guide-RNA 
scaffold preceded by the RNA polymerase III-processed rice U3 promoter. A synthetic, double-
stranded oligonucleotide carrying the target-specific part of the gRNA was annealed and 
integrated between the OsU3 promoter and the upstream gRNA scaffold using BsaI restriction 
and ligation. Subsequently, the SfiI-produced vector fragment containing the expression 
cassettes of gRNA and cas9 was transferred to the binary vector p6i-d35S-TE9 (DNA CLONING 
SERVICE e.K., Hamburg, Germany). Finally, the cloned vector sequences were verified by Sanger 
sequencing and the verified construct was introduced into the virulent AGL1 strain of 
Agrobacterium tumefaciens using electroporation. 
3.7 Agrobacterium-mediated maize transformation  
Stable genetic transformation of maize was conducted using Hi-II A x B F1 immature embryos 
(Hi-II A used as female and Hi-II B used as male) as previously described (Hensel et al., 2009) 
with 100 mg L-1 hygromycin as plant selective agent. Parents of Hi-II A and Hi-II B originated 





3.8 Molecular analysis  
3.8.1 Genomic DNA isolation  
Genomic DNA isolation for DNA gel blot analysis was performed as previously desribed by 
Pallotta et al. (2000). For the case of genotyping analysis (to confirm the presence of T-DNA by 
PCR and characterize Cas9/gRNA induced mutations), DNA isolation was conducted according 
to Milner et al. (2019). Genomic DNA was isolated from protoplast samples by the method 
described by Wang et al. (2016c). 
3.8.2 DNA gel blot 
DNA gel blot analysis was performed by the method of Southern (1975). In brief, 25 μg genomic 
DNA were digested with HinDIII, separated by agarose gel electrophoresis and blotted onto a 
Hybond N membrane. A gene-specific probe for hpt was labeled with DIG as recommended by 
the supplier (Roche, Mannheim, Germany).  
 
3.8.3 Polymerase chain reaction 
In all performed Polymerase Chain Reactions (PCR), the GoTaq Polymerase (Promega, Madison, 
WI, USA) and the corresponding buffer were used in a 20 μL reaction. Depending on the length 
of the PCR product and the nature of the primers, the elongation time, the annealing 
temperature and the number of cycles were adjusted to obtain maximum yield. The annealing 
temperature was optimized by gradient PCR. All standard PCR programs were derived from the 
following scheme and were performed in the Mastercycler® ep (Eppendorf, Hamburg, 
Germany).  
  
3.8.4 DNA gel electrophoresis 
For the electrophoretic separation of DNA, 0.8-1.5% (w/v) agarose gels were used. The agarose 
was weighed out and boiled with 0.5x TBE buffer until the agarose was completely dissolved. 
For DNA visualization, 12-15 μL Stain Clear G (Serva Electrophoresis GmbH, Heidelberg, 
Germany) was added to 400 mL liquid agarose gel. Solidification was done by using an 
appropriate comb. Electrophoresis was performed at 200 V, with 0.5x TBE as electrophoresis 
buffer. The documentation of the results was performed using a gel documentation system.  
 
3.8.5 Restriction digestion 
All restrictions using one or two enzymes were carried out at 37 °C for at least 30 min unless 
otherwise indicated. The buffers recommended by the manufacturer were used and the enzyme 
activity was then inactivated according to the time and temperature specifications. 
 
3.8.6 Purification of DNA from agarose gel 
The extraction and purification of DNA from an agarose gel was performed using the QIAquick 
Gel Extraction Kit (QIAGEN, Hilden, Germany). The DNA fragment with the expected size was 
33 
 
cut from the agarose gel with a clean scalpel and then eluted according to the manufacturer's 
instructions. The eluted DNA was promptly used for ligation. 
 
3.8.7 DNA ligation 
The ligation of vector and insertion was performed in a molar ratio between 1:3 and 1:7, 
depending on the size and concentration of the insert thus using the T4 DNA ligase from Thermo 
Fisher Scientific (Waltham, MA, USA) for the ligation reaction. All components were incubated 
in a 10 μL ligation kit for 2 hours at RT or overnight at 4 °C. 
 
3.8.8 Escherichia coli transformation (heat shock method) 
For the transformation of chemically competent E. coli cells, 3 μL ligation preparations were 
mixed with 50 μL cells and incubated on ice for 30 min. Subsequently, a heat shock for 1 min at 
42 °C followed by an incubation of 2 min on ice was performed. 450 μL sterile SOC medium was 
added to the DNA-bacteria mixture and the transformed cells were shaken for 60 min at 37 °C 
and 550 rpm. Afterwards, 50-100 μL of the transformed cells were spread out on Petri dishes 
with LB-medium and appropriate antibiotics using a sterile spreader and were incubated 
overnight at 37 °C. The next day, individual colonies were picked up with a sterile wooden 
toothpick and transferred to liquid LB medium (including antibiotics). The cells were propagated 
at 37 °C and 180 rpm overnight. 
 
3.8.9 Transformation of electro-competent Agrobacteria 
For each transformation, 50 μL of competent cells were put on ice, mixed with 100-200 ng of 
binary vector (1-2 μL) and incubated for 2 min, then the mixture was transferred to the pre-
cooled electroporation chamber. An electric shock was performed at 25 μF, 400 Ω, 2.5 kV on 
the Bio-Rad electroporator. One mL of SOC medium was immediately added to transformed 
cells and incubated at 28 °C with shaking for 2 h. Finally, 50 μL and 150 μL of the bacterial culture 
was placed on selection plates with appropriate antibiotics and incubated at 28 °C. Positive 
clones were analyzed using plasmid-specific primers by colony PCR within 2 days after 
incubation. 
 
3.8.10 Colony PCR 
For colony PCR, individual colonies of E. coli were swabbed off the plate using a sterile wooden 
toothpick and placed in a PCR reaction tube. 20 μL of each PCR reaction mixture were added 
and the PCR was started. 
 
3.8.11 Isolation of plasmid DNA 
The isolation of pDNA from transformed E. coli or A. tumefaciens cells was performed using the 





3.8.12 Purification of PCR products 
The purification of PCR products was performed using the QIAquick PCR Purification Kit 
(QIAGEN, Hilden, Germany) according to the manufacturer's specifications. The purified 
products were stored at 4 °C for a short period of time or at -20 °C for a more extended period. 
 
3.8.13 Sequencing 
To verify the vector sequences or to characterize induced mutations, Sanger sequencing of 
extracted pDNA or purified PCR products was performed by the company LGC Genomics GmbH 
(Berlin, Germany). The sequencing results obtained were evaluated using the programs APE, 
Clone Manager 9. Amplicons derived from protoplast DNA were subjected for NGS-based 
sequencing with GENEWIZ (Leipzig) and the analysis of the resulting samples was done by using 
an R script developed in the PRB (working) group. 
3.9 Plant material and growth conditions 
Plants were grown in peat-based substrate (Substrat 2, Klasmann-Deilmann, Geeste, Germany) 
in climate chambers under controlled environmental conditions using a 25/20 °C and 16/8 h 
light/dark regime with a light intensity of 240 μmol photons m-2 s-1 and a relative humidity of 
60%. 
3.10  C. graminicola culture and plant inoculation  
Detached leaf assay was used to examine the C. graminicola infection potency towards maize 
lox3 mutants and RNAi plants. Fourteen days after seeding, segments (~8 cm) of third leaves 
were collected and kept onto wet filter paper in square plastic Petri dishes of 14 cm diameter. 
The wild-type (WT) C. graminicola strain CgM2 of (Ces.) (Wilson, 1914) (teleomorph Glomereella 
graminicola D. J. Politis) (Bergstrom and Nicholson, 1999) used in this study was obtained from 
Prof. H. B. Deising's lab (Halle University, Germany). In order to collect conidia for infection 
assays, the WT strain was grown on oatmeal agar (OMA) (Werner et al., 2007). Conidia were 
collected from 2 to 4 weeks-old OMA plates by rinsing with 0.02% (v/v) Tween 20. After washing 
three times, the conidia suspensions were adjusted to specific concentrations with a 
haemocytometer (LO-Laboroptik, Friedrichsdorf, Germany). 10 μL droplets of a conidial 
suspension adjusted to 106 conidia/mL were inoculated (no conidia as mock). The inoculation 
drop was placed on the epidermis directly above the midrib, where it remained until 
observation. Subsequently, the Petri dishes were sealed with Parafilm and incubated at 23 °C in 







3.11 Quantification of C. graminicola fungal DNA 
Quantitative PCR (qPCR) was employed for quantifying fungal mass as described by Weihmann 
et al. (2016). Briefly, infected areas were collected at 4 days post inoculation (dpi) using a cork 
borer (8 mm in diameter). Samples were homogenized using a mixer mill (MM400, Retsch, 
Haan, Germany) for 1 minute at 30 Hz. DNA was extracted by following the manufacturer's 
protocol and using the pegGOLD Fungal DNA Mini Kit (PEQLAB Biotechnologie GmbH, Erlangen, 
Germany). Plasmid pUC18 (50 pg; Fermentas, St. Leon-Rot, Germany) was added at the 
beginning of DNA isolation as an external normalization reference. qPCR was performed with a 
Mastercycler Realplex (Eppendorf, Hamburg, Germany) and the iQ SYBR Green Supermix (Bio-
Rad Laboratories, Hercules, CA, USA) using the primers Cg-ITS2-qPCR-Fw and Cg-ITS2-qPCR-Rv 
specific to the internal transcribed space region of ribosomal RNA-coding DNA (rDNA) of C. 
graminicola. The pUC18 concentration was measured using the primers M13-qPCR-Fw and 
M13-qPCR-Rv. 
3.12 Infections of Z. mays with U. maydis 
An experiment was carried out to determine whether maize lox3 mutant plants are resistant to 
U. maydis infection. Infection assays were performed with the wild-type strains FB1, FB2 and 
the solo-pathogenic SG200 U. maydis strains. These strains were grown overnight in YEPS light 
medium (0.4% yeast extract, 0.4% peptone, and 2% sucrose) at 28 °C on a rotary shaker. The 
culture was then diluted using fresh medium to a cell density of OD600 nm of 0.2. After incubation 
at 28 °C for about 4 to 6 h, the cells were harvested by centrifugation (10 min at 2,400 g) and 
resuspended in sterile water so that OD600 nm of 1.0 was obtained. Syringe infections were made 
with 300 to 500 μL of the cell suspension into the interior of the leaf whorl of 7 days-old maize 
seedlings of wild-type and lox3 mutants were either generated by Cas9/gRNA-triggered 
mutagenesis or derived from transposon insertional mutagenesis (Gao et al., 2007). Three 
independent infections, each with about 40 plants were performed for every experiment. 
3.13 Visual quantification of the U. maydis infection symptoms 
For quantification of disease symptoms in seedlings, a classification scheme was used according 
to the severity of symptoms for 8 days post-inoculation comprising seven different symptom 
subcategories as previously described (Kämper et al., 2006).  
3.14 Quantification of U. maydis fungal DNA 
Biomass quantification was carried out as previously described (Brefort et al., 2014) to 
determine the differences between wild-type and maize lox3 mutants. Seven days-old maize 
seedlings were infected with SG200. Six days post-inoculation, a 2-cm section from the tip of 
the 3rd leaf was used for analysis. Similarly, the same region of the 4th leaf was used 12 days 
post-inoculation. Ten leaf segments were pooled per each of the indicated points in time and 
the experiment was performed using 4 biological replicates. For genomic DNA extraction, leaf 
material was frozen in liquid nitrogen, ground to powder, and extracted using a phenol-based 
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protocol (Pallotta et al., 2000). The quantitative PCR (qPCR) analysis was performed using a 
LightCycler® 480 (Roche Life Science, Basel, Switzerland) in combination with the SYBR Premix 
Ex Taq (TII RNase H Plus) (Takara Bio Europe SAS, Saint Germain en Laye, France). U. maydis 
biomass was quantified using primers specific for the fungal Peptidyl-prolyl isomerase (Ppi) 
gene. The maize GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (GAPDH) gene served as 
reference gene for normalization. Relative amounts of fungal DNA represented by amplified Ppi 
were then calculated relative to the amount of maize-derived GAPDH DNA using the cycle 
threshold (Ct) 2-2Ct method. 
3.15 RNA isolation and reverse transcriptase quantitative PCR  
Leaf material was collected 4 and 8 days post-inoculation. Each biological replicate consisted of 
leaf material pooled from ten leaves directly frozen in liquid nitrogen and stored at -80 °C. In 
addition, three technical replicates of each biological replicate were used for RNA isolation, 
cDNA preparation and reverse transcriptase quantitative PCR (RT-qPCR) analysis. Total RNA was 
isolated from plant tissue by using Trizol reagent (Invitrogen, California, USA) according to the 
manufacturer's instructions and stored at -80 °C. The RNA quality was determined 
electrophoretically using a 2% non-denaturating agarose gel, and fluorometrically using a 
NanoDrop ND-1000 photometer (company, affiliation). Reverse transcription was performed 
using the Revert Aid™ H Minus First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, 
Germany, K1632) with RNA (1 μg/reaction), oligo(dT)-primer (0.25 μg/reaction) and random 
hexamer primer (0.25 μg/reaction) according to the manufacturer's guidelines for GC-rich 
templates. A total of 50 ng cDNA was used as template in a 10-μL reaction mix of the TB Green 
Premix Ex Taq II (TII RNase H Plus; Takara Bio Europe SAS, Saint Germain en Laye, France, 
RR820W) together with 0.2 μM each of forward and reverse primer. The RT-qPCR experiments 
were designed and conducted according to the MIQE guidelines. The reactions were performed 
in a LightCycler® 480 (Roche Life Science, Basel, Switzerland) using the following program: 95 
°C, 30 s; 95 °C, 5s, 50/60 °C, 30 s 72 °C, 30 s (40 cycles) followed by a final melting curve with 
stepwise increments of 0.5 °C from 65 to 95 °C. Gene-specific primer sequences were retrieved 
from the literature. Maize POLYUBIQUITIN 1 and 18S ribosomal RNA were used as reference 
genes due to their reliability under various conditions according to previous findings (Shivaji et 
al., 2010; Manoli et al., 2012). Every primer combination was checked for its sensitivity by a 
primer efficacy tests using 5-fold dilutions starting with 100 ng cDNA and by a melt curve to 
confirm the presence of no more than one transcript. The geometric means of the Cq values of 
the two reference genes were calculated (Vandesompele et al., 2002). RT-qPCR experiments 
were conducted using three biological replicates, with three technical replicates per biological 
replicate. Raw Cq values were statistically examined using a linear mixed model described in 
detail by Steibel et al. (2009) and adapted in the R-Macro' qpcrmix' (https://github.com/daniel-
gerhard/qpcrmix) by calculation of log-differences of normalized gene expression data based 
on the 2-ΔΔCq method (Livak and Schmittgen, 2001). Briefly, raw Cq data were normalized by the 
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geometric means of two housekeeping genes (POLYUBIQUITIN 1 and 18S) with regard to 
possible random effects caused by pipetting or sampling, which resulted in Cq data for each 
treatment of each gene as well as in p-values (<0.05) with six degrees of freedom. A linear 
model was applied on the Cq values to quantify deviations from the two competing 
hypotheses that either there are no, or there are differences among the pairwise compared 
treatments.  
3.16 WGA staining, confocal microscopy and image processing 
To evaluate fungal proliferation in infected tissue, confocal microscopy was carried out as 
described previously (Doehlemann et al., 2009). In brief, maize plant leaves were analyzed for 
8 d after infection using the third outer leaf 1 cm below the infection site. Plant leaves were 
destained for at least 12 h in ethanol and incubated for 16 h at room temperature in 1M KOH. 
Further, the samples were gently washed 3 times with 50 mM Tris (pH 7.5). Fungal hyphae were 
stained with 10 mg/mL wheat germ agglutinin (WGA)-Alexa Fluor 488 conjugate (Molecular 
Probes, Oregon, United States), while plant cell walls were visualized using 1 mg/mL propidium 
iodide (Sigma-Aldrich, Missouri, United States)/0.02% Tween 20 for 30 min, followed by washing 
with 50 mM Tris at pH 7.5. The resulting samples were carefully analyzed using a Zeiss LSM780 
confocal laser scanning microscope (Carl Zeiss, Jena, Germany). The plant cell wall was visualized 
by a 561 nm laser with an emission spectrum of 584-651 nm. Fungal hyphae were visualized by 
WGA-Alexa Fluor signal using a 488 nm laser and an emission spectrum of 493-541 nm. 
Fluorescence induction was obtained by means of sequential scanning. Pictures represent 
maximal z-stack projections. Captured images were further processed using the ImageJ 
freeware. 
3.17 Protoplast isolation and PEG-mediated transfection 
Maize protoplast isolation and transformation was established in our own research group by 
modification of the procedures described by Sheen (1991); Cao et al. (2014); Zhu et al. (2016). 
In brief, maize plants were grown under standard glasshouse conditions in the dark (or semi-
dark by covering with cardboard boxes). The middle part of the 2nd leave (when the length was 
about 5 to 7 cm) was chopped into 0.5 mm strips with a sharp razor blade. Subsequently, the 
strips were soaked into 20 mL cell wall digestion enzyme (macerozyme). Vacuum pressure (600 
mbar) was applied for approximately 30 to 60 min and the digestion was continued with gentle 
shaking (40 rpm) for 3 hours in the dark at room temperature. Protoplasts were filtered through 
a 75-µm nylon mesh and centrifuged for 2 min at 100 g. Depending upon the pellet size, 
protoplasts were resuspended in 2 to 5 mL W5 solution. Protoplast density was calculated by 
using a hemocytometer. The W5 solution was discarded and the protoplasts were resuspended 
in MMG solution. For PEG transformation, 15 ng plasmid DNA was mixed gently with 200 µl 
protoplasts and 220 mL PEG solution, incubated at room temperature for 18 min, and then the 
reaction was stopped by adding 800 mL of W5 solution. Centrifugation was conducted at 100 g 
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for 2 min to remove the supernatant. Further, the transfection mixture was diluted with 1 mL 
W1 solution at room temperature and mixed well by gently rocking or inverting the tube to stop 
the transfection process. Subsequently, 250 µl protoplasts were added in BSA-coated wells and 
incubated at room temperature in the dark. The GFP-expressing construct pGH215 (Hensel et 
al., 2017) was used as a control to quantify the proportion of transfected protoplasts. Chemicals 
used for protoplast isolation were listed in Supplemental Table 5. 
3.18 Quantification of PAMP-triggered ROS accumulation 
ROS accumulation was measured in maize plants using a luminol-based bioassay as described 
previously (Hilbert et al., 2013; Hückelhoven and Seidl, 2016; Navarrete et al., 2019; Samira et 
al., 2019). This assay is relying on the detection of luminescence released by excited luminol 
molecules produced after horseradish peroxidase (HRP)-catalyzed oxidation of luminol in the 
presence of plant-derived ROS. The emitted light directly correlates to the amount of H2O2 
produced upon PAMP treatment of the plant. Maize plants were grown in a climate chamber at 
16/8 hours light/dark cycles at 25/18 °C in peat moss-based substrate. Six days after 
germination, plants were infected with the solo-pathogenic U. maydis strain SG200. Four days 
post-inoculation, eight leaf discs were collected from the midrib of the third leaf using a biopsy 
punch, and incubated in a black 96-well polystyrene plate containing 100 μL of deionized water. 
The plates were then covered with aluminum foil and incubated overnight at room 
temperature. Water was removed and flagellin (flg22) solution was added which comprised 
Horseradish peroxidase (HRP 10 µg/mL, Sigma-Aldrich cat# P8375), L-012 (34 µg/mL Fujifilm 
WAKO cat# 120-04891) and flg22 (100 nM) in H2O. ROS production was monitored by 
luminescence over 30 to 40 min in a microplate reader (Spark, Tecan). At least three plants per 
mutant were used in each experiment. All experiments were performed at least 4 times. 
3.19 Measuring of callose deposition in U. maydis-infected plant leaves 
Aniline blue-staining for callose detection was performed accoding to Seitner et al. (2018). 
Twenty-four hours post-inoculation, maize leaves (2 cm above the infection site of the third 
leaf) were destained using 100% ethanol. After de-staining, samples were incubated in 1x PBS 
for 30 min. The leaves were covered with staining solution (10 μg/mL WGA-AF488, 0.02% Tween 
20 in 1x PBS (pH 7.4)) and incubated for 30 min. Samples were washed with 1x PBS and 
incubated in sodium phosphate buffer (0.07 M, pH 9) for 30 min followed by incubation with 
0.005% Aniline blue solution (in sodium phosphate buffer 0.07 M, pH 9) for one hour. Leaves 
were washed with sodium phosphate buffer and visualized by confocal microscopy. The 






4.1 Host-induced silencing  
4.1.1 Design and cloning of RNAi expression vectors 
C. graminicola genes -Tubulin2 (-Tub2), Succinate dehydrogenase (Sdh1-4) were blasted 
against the maize genome database (http://www.maizegdb.org/) to avoid any possible 
potential off-targets. Which resulted in sequence homology in the genome of maize (nucleotide 
level) for -Tub2, Sdh1, and Sdh2 82, 81, 85% respectively. No homology was found for Sdh3, 4. 
Designing RNAi vectors against the target regions of the fungus species turned out not to be 
possible due to its sequence homology to maize genes, therefore, the highly conserved 5'-
untranslated region (UTR) and the 5'-end of the gene were used for Cg -Tub2 (89+11=100 
nucleotides) and Cg Sdh1 ((71+46=117 nucleotides). The 5'-UTR of this fungal region showed 
the most sufficient sequence diversity from the host.  
To produce a sufficient amount of siRNA, three repeats of the selected target sequence were 
artificially synthesized into the entry vectors pIPKTA38-Sdh1 and pIPKTA38--Tub2. By using 
Gateway recombination, the target sequences were cloned into the modular binary vectors 
IPKb009, IPKb027. Essentially, these vectors were developed for cereal transformation to 
achieve RNA-interference (RNAi)-mediated gene knock-down (Himmelbach et al., 2007). 
Restriction digestion and Sanger sequencing confirmed the desired orientation of the sense and 
anti-sense sequences in the destination vector. The resulting clones were named pNB96, 
pNB96, pNB97, pNB98, pNB99 (Figure 13).  
 
Figure 13: Schematic of the binary RNAi vectors generated for the transformation of maize. 
pNB96 and 97 are derivatives of pIPKb009 in which a doubled enhanced CaMV35S (deCaMV35S) 
promoter drives the expression of the hairpin construct consisting of target sequences of the 
Cg -Tub2 (pNB96) and Cg Sdh1 (pNB97) gene sequences and a CaMV35S termination signal (T). 
The hygromycin hosphotransferase (hpt) gene is used as a plant selection marker controlled by 
the maize Ubi-1 promoter and CaMV35S termination signal (T). pNB98 and 99 are derivatives of 
pIPKb027 in which the maize Ubi-1 promoter drives the hairpin construct. 



















4.2 Production of transgenic maize plants 
For the transformation studies, Hi-II (A x B) hybrid is used due to its amenability to genetic 
transformation studies, as described in Hensel et al. (2009). Immature embryos used as explants 
for the transformation experiment (Figure 14A), resulted in rapidly growing type-2 hygromycin 
resistant callus (Figure 14, C), a series of sub cultivation of the selected callus with somatic 
embryos matured into plantlets (Figure 14D). The regenerated shoots established the roots in 




Figure 14: Production of transgenic maize plants via Agrobacterium-mediated transformation 
of immature embryos. (A) Immature embryos used as explants. (B) hygromycin-resistant calli 
growing on the selection medium (with somatic embryos). (C) Somatic embryo formation. (D) 
Multiple shoot formation from embryo-derived callus. (E) Plantlet with roots. 
4.3 Molecular analyses of transgenic plants 
PCR analysis was performed with isolated genomic DNA of young maize leaves to confirm the 
presence of T-DNA. Vectors pNB96, 97, 98 produced regenerates, whereas vector pNB99 failed 
to produce regenerants, due to poor embryo quality. Thereby, the transformation for the vector 
pNB99 were repeated. Regeneration and transformation efficiencies were listed in Table 1. 
Table 1: Generation of transgenic maize using RNAi vectors. Regeneration and transformation 
efficiencies refer to the number of processed embryos. 
 
 
For the host-induced gene silencing approach, the copy number of the integrated T-DNAs can 
be crucial. The transgene copy number may affect transgene expression positively or negatively, 
Co-cultivation of 
immature embryos with 
A. tumefaciens
Rapidly growing Type-II callus 
with somatic embryos
Series of developmental 
stages of somatic 
embryogenesis
Multiple shoot formation from 
a single embryo explant
Regenerated 
plantlet ready for 
transfer to soil 
13 weeks time span
A B C D E
(PCR for HPT) (PCR  for inverted repeats)
pNB96 ß-Tub2 107 5 4.6 4.6 4.6
pNB97 Sdh1 145 34 23.4 22.7 6.8
pNB98 ß-Tub2 87 28 32.1 32.1 11.4
pNB99 Sdh1 220 13 6.5 6.5 6.5
Transformation efficiency (%)       
Vector 
No. of agro infected 
embryos







and multiple copy integration may cause gene silencing. To this end, DNA gel blot analysis was 
performed with the PCR-confirmed T0 (pNB99) and T1 (pNB96, 97, 98) plants.  
For the transformation construct of pNB96, only five T0 plants were produced. Selected T1 plants 
(from self-pollinated T0) were subjected to DNA gel blot analysis. Four T1 siblings per each 
primary transgenic plant were used for analysis. Figure 15 represents a diverse integration 
pattern of T-DNA. Progeny shown #MH46E1a (#MH46E1a T1-1, #MH46E1a T1-2, #MH46E1a T1-
3, #MH46E1a T1-4) and plant #MH46E1b (#MH46E1b T1-1, #MH46E1b T1-2, #MH46E1b T1-3, 
#MH46E1b T1-6) are likely to carry an identical T-DNA copy. These two plants derived from same 
embryo, could have the common origin from the same transformation event. Similarly, plant 
#MH46E2a (#MH46E2a T1-2, #MH46E2a T1-3, #MH46E2a T1-4, #MH46E2a T1-8) and #MH46E2b 
(#MH46E2b T1-2,#MH46E2b T1-3, #MH46E2b T1-4, #MH46E2b T1-5) carry identical T-DNA 
copies. For plant #MH46E3 (#MH46E3-T1-2,#MH46E3-T1-4, #MH46E3-T1-5, #MH46E3-T1-6) 
contains 4 copy number. T-DNA-free plants (segregated out in progeny via self-fertilization) 
were used as azygous control plants for the infection assays. For each independent event three 
plants were selected to produce homozygous progeny. 
 
Figure 15: DNA gel blot analysis of transgenic segregants of T1 (from self-pollinated T0) 
transgenic plants from the transformation experiment with pNB96 carrying an RNAi unit 
addressing the C. graminicola -Tub2. 20 μg genomic DNA each were digested with HinDIII and 
the fragments were separated into 0.8% (w/v) agarose gel. Hybridization of the specific DNA 
sequences was performed with a hygromycin hosphotransferase (hpt) specific probe. The 
names of the individual plants belonging to three T1 families are given above the picture. Wild-
type used as a negative control, plasmid as a positive control. MH46 indicates maize 
















































































































































































































Other transformation experiments comprising RNAi vectors (i.e. pNB97, 98 and 99) resulted in 
similar results. All PCR-positive plants tested proved also DNA gel blot-positive indicating stable 
T-DNA integration. Range and average of copy numbers of T0 plants tested, proportion of T0 
plants with consistently co-segregating copies indicating a shared genomic insertion site. The 
detailed copy numbers are listed in the Table 2. And the respective pictures depicted in 
supplemental Figure 1, 2, 3.  
Table 2: Summary of the transgene copy number of transformation experiment pNB97, 98, 99. 
 
DNA gel blot analysis of transgenic segregants of PNB97, 98, 99. 20 μg genomic DNA each were 
digested with HinDIII and the fragments were separated into 0.8% (w/v) agarose gel. 
Hybridization of the specific DNA sequences was performed with a hygromycin 
hosphotransferase (hpt) specific probe. * indicates Primary transgenic (T0) plants subjected to 
DNA gel blot analysis. 
4.4 Determination of plant resistance by infection of leaf segments with C. graminicola 
4.4.1 Hi-II A x B susceptible to C. graminicola infections 
Hi-II A x B genetic background was used to generate transgenic maize plants expressing RNAi 
vectors, since this hybrid has a high capability of producing embryogenic callus (i.e. rapidly 
growing type 2 callus), which makes it an excellent explant source for plant genetic 
transformation studies. Hi-II (A x B) recombinant between A188 and B73. A screening of maize 
varieties for their susceptibility to C. graminicola unveiled that the B73 is resistant to C. 
graminicola infection (Weihmann et al., 2016). Therefore, it is very crucial to determine the 
infection potency of C. graminicola towards Hi-II (A x B) hybrid material before examining the 
RNAi plants. To this end, an experiment was conducted by which Hi-II (A x B) was compared with 
the cultivars Golden Jubilee (highly susceptible) and Mikado (susceptible) using quantitative PCR 
(qPCR) assays to assess the amount of fungal DNA. Leaf disks containing the infection spot were 
excised at 4 dpi, and primers were used that bind in the Internal transcribed spacer (ITS2) region 
#MH47E1     (#MH47 E1 T1-1, #MH47 E1 T1-3, #MH47 E1 T1-5, #MH47 E1 T1-9) 1
#MH47E5a   (#MH47 E5a T1-2, #MH47  E5a T1-3, #MH47  E5a T1-4, #MH47  E5a T1-5) 2
#MH47E14   (#MH47 E14 T1-1, #MH47  E14 T1-2, #MH47  E14 T1-3, #MH47  E14 T1-6) 2
#MH47E25   (#MH47 E25 T1-1, #MH47  E25 T1-2, #MH47  E25 T1-4, #MH47  E25 T1-6) Multiple 
#MH47E6      (#MH47 E6 T1-1, #MH47  E6 T1-2, #MH47  E6 T1-3, #MH47  E6 T1-6) 2
#MH47 E101  (# MH47 E101 T1-2, MH47 E101 T1-5, MH47 E101 T1-6, MH47 E101 T1-10) 1
#MH47 E103  (# MH47 E103 T1-1, MH47 E103 T1-2, MH47 E103 T1-5, MH47 E103 T1-6) Multiple 
#MH47 E118  (# MH47 E118 T1-2, MH47 E118 T1-3, MH47 E118 T1-4, MH47 E118 T1-6) 3
#MH47 E119  (# MH47 E119 T1-1, MH47 E119 T1-2, MH47 E119 T1-4, MH47 E119 T1-5) 1
#MH47 E125  (# MH47 E125 T1-1, MH47 E125 T1-2, MH47 E125 T1-4, MH47 E125 T1-5) 2
#MH55E1a, #MH55E3, #MH55E5, #MH55E6, #MH55E10,#MH55E12a,#MH55E12b 2
#MH55E1b, #MH55E13 1
#MH55E2, #MH55E8a, #MH55E8b, #MH55E9, #MH55L8b 3
#MH55E4a, #MH55E4b Multiple 
Vector Target genes Plant identifiers
Number of copies     






which is highly specific for fungi. Under the assumption that the amount of fungal DNA is highly 
correlated with the amount of fungal biomass, the qPCR results allow concluding the infection 
success of C. graminicola. The qPCR data illustrated that the fungal biomass of C. graminicola 
was reduced to the level of the standard susceptibility cultivar Mikado (Figure 16A). This 
observation is also in line with the occurrence of visual symptoms on the leaf surface (Figure 
16B). In accordance with these results, Hi-II A x B further used as a wild-type control to assess 
the RNAi-expressing plants as to their resistance towards C. graminicola. 
 
 
Figure 16: Susceptibility test towards C. graminicola. (A) Symptom development on the leaf 
surface at 4 dpi (red arrows indicate infection lesions). (B) Quantification of C. graminicola 
biomass by using qPCR (using 10 ng of total DNA as template). Three asterisks indicate a 
significant difference as compared with the wild-type control at P < 0.001 (one-way ANOVA with 
















































4.4.2 HIGS confers quantitative resistance towards C. graminicola 
To assess whether HIGS of two target genes confers resistance to C. graminicola, homozygous 
lines expressing different RNAi vectors were used for infection assays with C. graminicola wild-
type strain M001. Azygous Hi-II (A x B) plants were used as wild-type. The pictures were 
photographed 4 days post-inoculation to see any visual effects. The photographs indicate that 
RNAi expressing transgenic event 25-2 show a visibly reduced fungal growth as compared with 
wild-type (Figure 17A). Further, the fungal biomass was quantified using the amount of fungal 
DNA as a proxy. Plant #E-25-2 exhibited a significant reduction of fungal DNA, whereas other 
transgenic plants showed only a tendency of reduction (Figure 17B). Based on the reduced 
fungal biomass in the RNAi plants, it is proposed that host-induced RNAi confers quantitative 
resistance against C. graminicola.  
 
 
Figure 17: Quantitative protection from C. graminicola leaf infection of transgenic maize events 
expressing Cg -Tub2 HIGS constructs. (A) Detached-leaf assay with C. graminicola showing 
symptoms occurring at 4 dpi. Transgenic maize events expressing HIGS constructs show visual 
quantitative protection against C. graminicola in comparison to azygous wild-type. (B) Results 
of qPCR using 10 ng of total DNA as template. Columns represent means of three independent 
experiments. Each pool comprised twelve leaf discs excised from individual leaves carrying a 
single inoculation site at their middle. Event 2-a-2 carrying pIPKb009_-Tub2, Event-1-5, E-25-
2, E-6-2 carrying pIPKb009_Sdh-1 Event 118-2, E-119-4,125-3 carrying pIPKb027_-Tub2. Three 
asterisks indicate a significant difference as compared with the wild-type control at P < 0.001 
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4.5 Knockout of maize LOX3 by Cas9-triggered mutagenesis 
4.5.1 Preparation of a LOX3 knockout construct 
Targeted mutagenesis approach, aimed to mutate the first exon region (Figure 18), To design 
gRNAs targeting LOX3, full length gene information retrieved from maize genome database 
(Maize GDB). The websites www.deskgen.com, http://crispr.wustl.edu were used to predict 
potential target motifs within this gene sequence. The motifs suggested are then compared with 
the organism’s whole genome sequence. Based on the activity score from both online platforms 
and the gRNA predicted secondary structures, selected 5 target motifs residing within the first 
exon of LOX3.  
 
 
Figure 18: Schematic of LOX3 (based on B73 RefGen_v3 GRMZM2G109130) gene structure and 
Cas9/gRNA target motif. Maize LOX3 contains seven exons, represented by light grey rectangles, 
while introns are represented by lines. Cas9/gRNA target motif specifically addressed by the 
gRNA are illustrated in green, and the protospacer-adjacent motif (PAM, bound by the Cas9 
enzyme) in blue. The scissors indicate the expected cleavage site. 
The respective sequences of gRNAs corresponding to the target sites were inserted in between 
the rice u3 promotor and the gRNA scaffold (Figure 19). The resulting vectors were confirmed 






target motif 3 PAM
target motif 4 PAM
Exon 1
Target motifs





target motif 5 PAM
Cas9/gRNA target motif 1 including PAM
target motif 2 PAM
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Figure 19: Schematic of the T-DNA used for plant transformation. Expression of cas9 is driven 
by the maize POLYUBIQUITIN 1 promoter with first intron that resides in the 5'-UTR (UBIi). 
Expression of the gRNA is driven by the rice U3 Polymerase III-processed promoter (OsU3-p). 
Expression of the hygromycin phosphotransferase II selectable marker gene including the potato 
LS1 intron (hptIIi) is driven by the doubled enhanced CaMV35S (deCaMV35S) promoter. E9-t, 
nos-t, OsU3-t: terminators; LB and RB: left and right borders. 
4.5.2 Validation of gRNAs via protoplast transformation 
 The functionality of cas9 and gRNA expression units as well as of their products was validated 
prior to the stable transformation by transfection of maize protoplasts using the generated 
plasmids. To assess the transfection success, a vector harboring a GFP expression unit was 
simultaneously used as control. The transformation efficacy was calculated based on the 
proportion of green fluorescing protoplasts (Figure 20). As a result, transformation efficacies of 
over 90% was achieved. Sequencing analysis resulted with the mutation efficiency of 7%, 24%, 
12% for target motif 2, 3 and 4 respectively, target motif 5 resulted poor mutation efficiency 
such as 0.05%, and target motif 1 resulted no mutations. 
 
Figure 20: Schematic of mesophyll protoplast isolation from maize and peg mediated 
transfection. Etiolated maize seeding, enzymatic digested leaf strips, isolated protoplast with 
the high efficient PEG mediated transformation. 
 
pKP1 1 ATGCTGAGCGGGATCATCGA CGG
pNB103 2 GATCATCGACGGGCTGACGG GGG
pNB104 3 CAGCGAGTTCCTCGGCAAGG GGG
pNB105 4 TGCGCGGCTCAAGGGCACGG TGG
pKP2 5 GCTGATGCTGTCAACGACGG TGG
Target motifVector Target motif sequence PAM
hptII-i E9-t cas9nos-t ZmUBIi-p OsU3-pgRNAOsU3-t RBLB deCaMV35S-p
Etiolated maize seedling 
used for protoplast 
isolation
Cut leaf strips subjected 
to enzymatic digestion
Freshly isolated mesophyll 
protoplasts




4.5.3 Maize transformation using single gRNAs 
Based on the results of the protoplast assays, stable maize transformation was performed with 
constructs pNB103 (target motif 2), pNB104 (target motif 3), (pNB105) target motif 4, single 
Cas9/gRNA-containing vectors were independently used for stable transformation. Summary of 
the transformation results are illustrated in the Table 4. 
Table 4: Summary of stable maize transformation using Cas9/gRNA constructs. 
 
 
4.5.3.1 Detection of mutations 
To detect mutations, amplified PCR product of relevant target regions of all the regenerated 
plants were subjected to Sanger-sequencing. The resulting sequencing files were analyzed by 
aligning them with the wild-type sequences. The sequencing analysis was performed by using 
the Clone Manager software (Morrisville, NC, USA), and the Plasmid Editor software. Mutations 
were detected in all the regenerated plants 3 bp upstream of PAM. The majority of mutations 
were insertion/deletions. For target motif 2 transformation experiment, detected mutations 
were, one nucleotide insertion (#1a), a combination mutation which was 16 nucleotides 
deletion/2 nucleotides insertion (Figure 21A). Target motif 3, a large portion of deletion as many 
as 34 bp deletion is detected in plant #10c. A combination of mutation were detected, such as 
deletion of 24 bp with insertion of 6bp (#13a), and deletion of 2 bp and 1 bp insertion (#10j) 
(Figure 21B). Target motif 4 a deletion of 29 bp is detected (#6). Remarkably, all plants were 
efficiently mutated. The detailed description of the detected mutations are depicted in Figure 
21A, Figure 21B, and Figure 21C for target motif 2, 3, 4 respectively. 
 
target motif 2 target motif 3 target motif 4
No. of I.E inoculated 118 140 116
Regenerant plants produced 6 88 43
Regenerants tested for the presence of T-DNA 6 88 43
PCR-positive plants 6 88 43
Plants used to sequence the target 6 88 43
Plants with conclusive target sequence 6 85 42
Plants without mutated target 0 0 0
Mutated plants 6 85 42




Figure 21: Mutations detected in primary transgenic plants. Sequencing results of selected 
primary transgenic plants for target motif 2 (A), 3(B) and 4(C). The sequence marked in green 
represents the gRNA-specific part of the targeted motif, the blue color indicates the 
protospacer-adjacent motif (PAM) which is bound by the Cas endonuclease. Plant identifiers 
given at the left-hand side, deletions are highlighted with red hyphens and inserted nucleotides 
with red letters, numbers of modified nucleotides (in bp) are given on the right side of the 
sequences. 
4.5.3.2 Inheritance of detected mutations  
In order to analyze inheritance and segregation of mutations and to produce homozygous 
progeny, selected plants were further grown to maturity. For genotyping of T1 plants (self-
pollinated from T0), 10 grains per cob were grown in the glasshouse. DNA was extracted from 
leaf material, the target region was amplified and purified PCR product was Sanger-sequenced. 
Most T1 siblings exhibited the same mutations that were present in respected T0 plants. 
However, very few progeny of (T0) carried mutations which had not been detected in their 
mother plants. This indicates that Sanger-sequencing is not sensitive enough to reveal allelic 
variants residing in comparatively small sectors of chimeric T0 plants and/or Cas9/gRNA is still 
capable of triggering further mutations in residual wild-type alleles of such sectors after the T0 
leaf samples had been collected. Further investigation carried out to check the presence of T-





























































About 25% of the T1 plants tested proved to be T-DNA-free, which corresponds to Mendelian 
segregation in case of a single insertion site.  
 
4.5.3.3 Progeny analysis of T0 plant #4a 
To provide a representative example for a heterozygous primary mutant, the progeny analysis 
of plant #4a, mutated in target motif 2, is presented. Eight plants carried a 1 bp insertion (+G) 
as had been detected in the T0, whereas two plants (#4a_5 and #4a_6) displayed newly found 
mutations. #4a_6 did not contain T-DNA. To produce T-DNA free plants, plant #4a-2 continued 
further generations. T2 plants of # 4a_2 was analyzed. 10 plants represented identical mutation 
(+G insertion) as detected in T1, which confirms that the mutation was homozygous in T1. The 
complete segregation pattern is illustrated in Figure 22. 
 
 
Figure 22: Inheritance of induced mutations of T0 plant #4a. The upper part represents the 
mutation detected in T0, and below, the sequencing results of T1 and T2 are depicted. The 
individual plant identifiers are given at the left-hand side. The green marked sequence 
represents the gRNA-specific part of the targeted motif, the blue color indicates the 
protospacer-adjacent motif (PAM) bound by the Cas endonuclease. Deletions are highlighted 
with red hyphens, and inserted nucleotides with red letters. The respective numbers of modified 


































































4.5.3.4 Progeny analysis of T0 plant #17a 
 Mutation segregation pattern of plant #17a was different from the plant # 4a. Sequencing 
results of plant #17a shown to be +A in T0, none of the selected T1 plants detected +A mutation, 
they shown completely new mutations such as six plants exhibited –A, one plant +AG, one plant 
–C, one plant +GAAA, one plant –GGCAA. The mutation pattern indicates it is likely that T0 plant 
was chimeric. Only a few plants produced very few grains. T2 individuals (self-pollinated fromT1) 
of Plants #17a_10 were analyzed. Five plants shown the same mutation as observed in the T1, 
three plants exhibited new mutation, such as +AA. The conceivable explanation is that the plants 
were heterozygous in T1 and Sangers sequencing might not detected the +AA mutation in the 
T1. The complete segregation pattern is illustrated Figure 23. 
 
Figure 23: Inheritance of induced mutations of T0 plant #17a. The upper part represents the 
mutation detected in T0, and below, the sequencing results of T1 and T2 are depicted. The 
individual plant identifiers are given at the left-hand side. The green marked sequence 
represents the gRNA-specific part of the targeted motif, the blue color indicates the 
protospacer-adjacent motif (PAM) bound by the Cas endonuclease. Deletions are highlighted 
with red hyphens, and inserted nucleotides with red letters. The respective numbers of modified 
nucleotides (in bp) and information on transgenicity are given to the right of the mutant 
sequences. 
4.5.3.5 Progeny analysis of (homozygous) T0 plant #21A 
T0 plant #21A detected as one nucleotide insertion, which is +A. The randomly selected ten T1 
plants displayed the same mutation was seen in their T0 mother plant (Figure 24), which 




































































Figure 24: Inheritance of induced mutations of T0 plant #21a. The upper part represents the 
mutation detected in T0, and below, the sequencing results of T1. The individual plant identifiers 
are given at the left-hand side. The green marked sequence represents the gRNA-specific part 
of the targeted motif, the blue color indicates the protospacer-adjacent motif (PAM) bound by 
the Cas endonuclease. Inserted nucleotides are highlighted with red letters. The respective 
numbers of modified nucleotides (in bp) and information on transgenicity are given to the right 
of the mutant sequences. 
4.5.3.6 Summary of the progeny analysis  
Majority of the plants followed a similar trend of T0 plant #4a with regards to mutation. 
However, few plants exhibited another trend. For instance, Plant #06 detected as 30 BP deletion 
in T0, the progeny analysis reveals that 50% of the plants contain the same mutation as shown 
in T0, reaming 50 % plants exhibited wild-type alleles. Summary of the progeny analysis is listed 
in table 5. 
Table 5: Overview of mutations patterns obtained. 
 
P= plants, (8P means 8 plants);  
* =homozygote; 
+/- = T-DNA positive/negative (PCR analysis). 
 
4.5.4 Maize transformation using combined gRNAs 
Cas9/gRNA transformation using the gRNAs individually resulted in efficiently mutated plants. 
In addition, the feasibility of mutating two target motifs by simultaneous expression of gRNAs 




























2 1a  +1  +T 1P (+A); 1P (+G) 2+
2 1d  -16/+2  -TCGACGGGCTGACGGG/+CT  1P -16,+2 1+
2 1e  +1  +T  1P (+G) * 1-  10P  +G *
2 4a  +1  +G 8P (+G); 1P (+C),1P (-TGA) 3-; 7+
3 10a  +1  +A 7P (+A);  1P (+AA); 2P (-AA) 1-; 9+ 10P +A*
3 10c -34  -CATCAGCGAGTTCCTCGGCAAGGGGGTCACCTGC  8P (-35) ; 2P (-A) 1-; 9+ 10P -35 BP*,  10 -A*
3 11b -1  -A  8P (-A); 2P (-GGCAA) 3-; 7+ 10P -GGCAA*, 10P -A*
3 13a  -24/+6   -
CGGCAAGGGGGTCACCTGCCAGCTCC/+ATGTCG
 5P (-24/+6); 2P (+A); 3P (-18/+7);  3-; 7+ 40P  -24, +6*
3 15d  +2  +AA 9P(+AA);1P(+A) 1-, 9+ 20P +AA*
3 17a  +1  +A
1 G  6P(- ; 1P(-C); 1P(+GAAA); 1P(-
GGCAA) 3-; 7+  
4 21a*  +1  +A * 10 +A* 10+ 10P +A*
4 23a -2  -CA  7P(-CA); 2P(+A) 2-; 8+ 10P -CA*
4 26b  +1  +T  9P(+T);1P(-A) 3-; 8+ 20P +T*





Agrobacterium strains harboring different gRNA constructs at 1:1 ratio for co-transformation. 
In particular, vectors with target motif 2 and target motif 3, target motif 3 and target motif 4, 
as well as target motif 2 and target motif 4 were considered. Co-transformation experiment has 
resulted in less mutagenesis efficiency in comparison to individual Cas9/gRNA expression 
system. Overview of the transformation is listed in Table 6. 
 
Table 6: Summary of stable maize co-transformation using Cas9/gRNA constructs. 
 
 
4.5.4.1 Detection of mutations in primary T0 transgenic plants of co-transformation 
experiment  
The mutations were detected in the respective target motives for the co-transformation 
experiment of target motif 2 and target motif 3. In one plant (#18) mutations were detected in 
both target motives, with a deletion of 8 nucleotides at target motif 2 and one nucleotide 
insertion at target motif 3 (Figure 25A).  
Co-transformation experiment for target motif 4 and target motif 3 also resulted mutations at 
individual target motives and mutations for both target motives (4 and 3). Particularly one plant 
(#114), with a mutation of one nucleotide insertion at target motif 4 and 39 nucleotides deletion 
at target motif 3 (Figure 25B). 
Co-transformation experiment for target motif 2 and target motif 4 produced only few plants 
and the mutations were detected at individual target motives. The mutations for both target 
motives were detected in one plant (#216a) which was the deletion of 33 nucleotides and the 
insertion of 10 nucleotides. Detected T0 mutation for the co-transformation experiments were 
described in detail in Figure 25C. 
No. of I.E agro infected 186 143 129
Regenerent plants produced 48 30 16
Regeneration effiency (%) 26% 21% 12%
Regenerants tested for the presence of T-DNA 48 30 16
PCR  positive plants for cas9 44 28 15
HPT positive plants 45 28 15
gRNA2 positive plants 31 NA 11
gRNA3 positive plants 19 14 NA
gRNA4 positive plants NA 21 4
Plants used to sequence the target 48 30 30
Plants with conclusive target sequence 41 27 27
No. of plants contain mutations for both target motifs 1 1 1
Total no. of plants mutated 37 24 15
target motif 2 and 3 
(pNB103 and pNB104)
target motif 3 and  4 
(pNB104 and pNB105)
target motif 2 and  4 




Figure 25: Mutations detected in primary transgenic plants of co-transformation experiment. 
Sequencing results of selected primary transgenic plants for target motif 2 and 3(A), 4 and3 (B), 
2 and 4 (C). The sequence marked in green represents the gRNA-specific part of the targeted 
motif, the blue color indicates the protospacer-adjacent motif (PAM) which is bound by the Cas 
endonuclease. Plant identifiers given at the left-hand side, deletions are highlighted with red 
hyphens and inserted nucleotides with red letters, numbers of modified nucleotides (in bp) are 
given on the right side of the sequences. 
4.5.4.2 Analysis of T1 siblings derived from T0 plants mutated in two target motifs  
T1 plants were obtained by self-pollinating the mutated primary transformants #18, #35, #43 
and #114 to examine inheritance and segregation pattern of mutations. To this end, twelve 
plants per cob were analyzed.  
For the case of plant #18 the detected mutation in T0 was small fragment deletion (-8) for target 
motif 2 and insertion (+1) at target motif 3. The detected mutation in T0 was inherited into the 
analyzed progeny. Plants do not display any wild-type and new mutation, which indicates that 
the plant was homozygous for the mutation. The PCR analysis of T-DNA (cas9/hpt) unveils four 


























































































independently from the mutations. The T0 plant #35 detected 23 nucleotides deletion at the 
target motif 3, no mutation at target motif 2. Progeny analysis revealed that 8 plants exhibited 
the same mutation as detected in T0, four plants turned out to be a new mutation at the 
targetmotif3 position such as (-35/+14). Four plants lost T-DNA during segregation. No new 
mutations were detected for the target motif 2 (Figure 26A). For plant #43 no mutation detected 
in primary T0 plant, but the plant was T-DNA (Cas9, gRNA2, gRNA3, HPT), therefore the plant 
continued further generation with the assumption of producing mutations in the next 
generation. Among 12 grains potted, only five plants were germinated. Interestingly all the five 
plants were efficiently mutated in both g RNA positions. For the target motif 2 one nucleotide 
insertion (+T) and for the case of target motive 3, two nucleotides deletions were detected. 
Detailed mutation sequences were listed in Figure 26B.  
For T0 plant #114 detected mutation is one nucleotide insertion at target motive 4, 39 
nucleotides deletions for target motif 3. The progeny analysis revealed that 7 plants among 
12exhibited same mutations as detected in T0. Five plants exhibited new mutation such as one 
base insertion at target motif 4, two nucleotides deletions at target motif 3 sequences were 
listed in Figure 26C.  
 
Figure 26: Inheritance of induced mutations of co-transformation experiment. The upper part 
represents the mutation detected in T0, and below, the sequencing results of T1 are depicted. 
The individual plant identifiers are given at the left-hand side. The green marked sequence 
represents the gRNA-specific part of the targeted motif, the blue color indicates the 
protospacer-adjacent motif (PAM) bound by the Cas endonuclease. Deletions are highlighted 
with red hyphens, and inserted nucleotides with red letters. The respective numbers of modified 


























































4.6 Determination of plant resistance by infection with C. graminicola 
4.6.1 lox3 mutants are more resistant to C. graminicola than wild-type plants 
An experiment was carried out to determine how maize lox3 mutant plants behave in terms of 
defense against C. graminicola infection. Several homozygous mutant T2 lines (each derived 
from a homozygous T1 line) with different types of allelic mutations were infected. WT and lox3 
mutant leaves were inoculated by drop inoculation. Disease symptom development such as 
lesion area was monitored. Figure 27A shows a clear difference in the severity of C. graminicola 
infection between WT and lox3 mutant plants. This observation was further corroborated by 
quantification of fungal biomass using qPCR as is shown in Figure 27B. There was significantly 
less fungal biomass in the lox3 mutants in comparison to the wild-type control. The alleles of 
the tested mutants are depicted in the Figure 27C. 
 
Figure 27: Quantitative protection from C. graminicola leaf infection of lox3 mutants. (A) 
Detached leaf assays with C. graminicola Symptoms occurring at 4 dpi. Red arrow marks indicate 
infected area. (B) Results of qPCR using 10 ng of total DNA as template. Columns represent 
means of three independent experiments. Each pool comprised twelve leaf discs excised from 
individual leaves carrying a single inoculation site. Three asterisks correspond to a significant 
difference to the wild-type control at P < 0.001 (one-way ANOVA with post-hoc Tukey honestly 
significant difference). Bars represent standard deviation. (C) Mutant genotypes of resistant 









































































4.7 U. maydis infection disease symptoms quantification 
Few infection experiments were carried out with a mixture of U. maydis FB1 and FB2 strains and 
several others with the solo-pathogenic fungus SG200. For all these strains, the disease 
symptoms were scored 8 days post inoculation as described by Kämper et al. (2006). Symptoms 
were illustrated and described in Figure 28. 
 
 
Figure 28: Visual disease symptoms caused by U. maydis and scoring at 8 days post-inoculation 
No symptom: The plant shows no signs of infection 
Chlorosis: The plant shows chlorotic discoloration of the infected leaves 
Small galls: The largest galls of the plant are <1.5 mm 
Normal galls: Galls of the plant are 2-4 mm in diameter 
Heavy galls: Very strong galls associated curvature of the stem axis 
Stunted: Stunted growth of stem 

































4.7.1 Hi-II A x B is susceptible to U. maydis infection 
Before using lox3 mutants for the analysis of their effect on the interaction of maize with U. 
maydis, it was crucial to examine the infection potency of this fungus towards the Hi-II (A x B) 
hybrid, because the mutations had been generated in this genetic background. To this end, Hi-
II (A x B) was compared with the B73 which is an often-used standard line for infection studies. 
Hi-II (A x B) consistently displayed more severe disease symptoms in comparison to B73 as is 
illustrated in Figure 29A. Quantification of the disease symptoms confirmed these phenotypic 
observations (Figure 29B). These results demonstrates that Hi-II (A x B) is susceptible to the U. 




Figure 29: Comparison of wild-type Hi-II hybrid and B73 inbred susceptibility towards U. maydis. 
(A) Typical symptom development 8 dpi. (B) Quantification of infection symptoms on maize 

















































Hi-II (A x B)
58 
 
4.7.2 Cas9/gRNA-induced lox3 mutants show moderate resistance to U. maydis 
infection 
An experiment was carried out to determine whether maize lox3 mutant plants are more 
susceptible to U. maydis infection than their wild-type counterparts. For this purpose, several 
independent, homozygous T2 lines (each derived from a homozygous T1 line) were used. The 
infection studies usually required a large number of siblings. Therefore, a preliminary 
experiment was conducted with small scale, which indicated the visual and quantifiable 
differences between wild-type and mutant (Supplemental Figure 4). For the first large scale 
experiment, line #13a_8 tested, which is carrying an in/del mutation involving a 24-nucleotide 
deletion and a 6-nucleotide insertion. The plants were infected with engineered solo-
pathogenic U. maydis strain SG200. One week after injection of the fungal cell suspension, 
disease symptoms ranged from chlorosis, light swelling up to heavy gall formation on all aerial 
parts of the maize plants. Disease symptoms were scored at 8 days post-inoculation (dpi). The 
size and shape of the galls remarkably varied between the wild-type and mutant plant (Figure 
30A). Mutant siblings were less susceptible to U. maydis infections than the wild-type, as is 
shown by the quantification of symptoms in (Figure 30B), while the lox3 allele of the used 
knockout line is depicted in Figure 30C. 
 
Figure 30: Disease rating of plants infected with U. maydis. (A) Phenotype of lox3 mutants and 
WT plants in response to U. maydis infection. Heavy gall formation, as indicated by a red arrow, 
was observed significantly more frequently on wild-type than on lox3 mutant plants. (B) Corn 
smut disease rating on wild-type vs. lox3 mutant maize as scored 8 dpi. Mean standard deviation 
of relative counts from 3 replicates are displayed. P-values were calculated by Fishers exact test. 
Multiple testing correction was done by the Benjamini-Hochberg algorithm. **** indicate 
significant differences as compared with wild-type at the level of p<0.0001. (C) Mutation in lox3 
of the maize line used for the disease rating assays. 
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****
Wild-type















4.7.3 Screening of further lox3 (Cas9/gRNA-induced) mutants for resistance against U. 
maydis  
Given the results from only one lox3 knockout line, further different types of mutations (Figure 
31A) were subjected for U. maydis infections to access their response. All the tested mutant 
plants exhibited similar and significant decrease in disease severity (Figure 31B). According to 
the disease scoring, Cas9/gRNA-induced lox3 mutants with different allelic variations were 
considered as moderate resistant to U. maydis infections. 
 
 
Figure 31: Disease rating of three independent mutant plants infected with the solo-pathogenic 
U. maydis strain SG200 eight days post-inoculation (dpi). (A) Maize mutant lines used for the 
disease rating assays. (B) Corn smut disease rating on wild-type vs. Cas9/gRNA-induced lox3 
mutant maize as scored at 8 dpi. P-values were calculated by Wilcoxon rank-sum test. Multiple 
testing correction was done by the Benjamini-Hochberg algorithm. * indicates significant 






































Plants scored:        39                          39                          33                         12
*
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4.7.4 Confirmation of moderate resistance of maize lox3 mutants to U. maydis by 
analysis of a transposon insertion line 
Given the resistance of the Cas9/gRNA-induced lox3 mutants, infection carried out with a 
transposon insertion maize lox3 knockout mutant line with U. maydis (Figure 32A). The 
generation of maize insertional mutants was previously described by Gao et al. (2007). B73 was 
used as a wild-type control since the mutant had been generated in this background. Infection 
assays were performed with the solo-pathogenic fungus SG200. Eight days post-inoculation, the 
disease scoring was performed. Disease symptoms were notably different between wild-type 
and mutant as is represented in Figure 32B. The scoring results unveiled that heavy symptoms 
did occur significantly less frequent in the mutant plants as compared to wild-type. In 
comparison to wild-type, mutant plants were also significantly more asymptomatic. Briefly, 
mutant plants exhibited significantly less disease symptoms in contrast to wild-type (Figure 
32C). According to disease scoring, lox3 mutants can be considered as moderate resistant to U. 
maydis infections. The analysis of the transposon insertional mutant provided convergent 
evidence for significant disease resistance of lox3 mutants.  
 
 
Figure 32: Disease rating of wild-type and transposon insertion lox3 mutant lines infected with 
the solo-pathogenic U. maydis strain SG200 8 days post-inoculation. (A) Schematic of the 
Mutator transposon insertion site in LOX3 (adapted from Gao et al. 2007). (B) Phenotype of lox3 
mutants and WT plants in response to U. maydis infection. (C) Corn smut disease rating on wild-
type vs. lox3 mutant (generated via transposon insertional mutation) in maize as scored 8 dpi. 
Mean standard deviation of relative counts from 3 replicates are displayed. P-values were 
calculated by Fishers exact test. Multiple testing correction was done by the Benjamini-
Hochberg algorithm. **** indicate significant differences as compared with wild-type at the 
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4.7.5 Comparison of inter- and intracellular fungal development in wild-type and lox3 
mutant 
Confocal microscopy was used to visualize inter- and intracellularly growing fungal hyphae 
comparing wild-type and lox3 mutant plants infected with U. maydis (Figure 33). Plant cell walls 
were stained with propidium iodide (magenta color), and U. maydis hyphae were stained with 
WGA-AF 488 (green colour). Whereas disease symptom scoring shows quantitative differences, 
microscopy did not reveal any obvious differences in the hyphal structure or the infected tissues 
when comparing wild-type with lox3 mutant plants. 
 
 
Figure 33: Confocal microscopic examination of U. maydis-infected tissue in wild-type (A, C) and 
lox3 mutant (B, D) maize 8 dpi. U. maydis invasive inter- and intracellular growth and formation 
of branching hyphae. Infected plant tissue was stained with propidium iodide (purple) and 
fungal hyphae with lectin binding WGA-AF488 (green). Scale bars in A, B = 50 μm; scale bars in 
C and D = 10 μm. 
 
 






















4.7.6 lox3 mutants exhibit reduced fungal biomass 
To test if the observed differences in symptom formation upon U. maydis infection of wildtype 
and lox3 mutant plants are indeed due to lower colonization by the fungus, a fungal biomass 
quantification was performed by a qPCR and the amount of fungal genomic DNA is defined in 
the infected plant tissue. The fungal biomass is significantly less in the lox3 mutants at 6 and 12 
days post inoculation in comparison to wild-type infected maize (Figure 34). 
 
Figure 34: Genomic DNA was extracted from the maize leaves infected with SG200, at 6 and 12 
dpi and used for qPCR. Relative fungal biomass was calculated by the comparison between U. 
maydis Peptidylprolyl isomerase gene (Ppi) and Z. mays GLYCERALDEHYDE 3-PHOSPHATE 
DEHYDROGENASE GENE (GAPDH). Bars indicate standard error. * indicate significant differences 

























































4.7.7 lox3 mutant maize responds with increased ROS accumulation to PAMPs 
To find an explanation for the moderate resistance of lox3 mutant maize towards U. maydis, 
various early host defense responses were tested upon infection with U. maydis. One of the first 
signaling and defense responses that plants activate upon recognition of invading microbes is 
the accumulation of ROS in the apoplastic space, a process that is usually suppressed by 
effectors from virulent pathogens (Jones and Dangl, 2006; Dodds and Rathjen, 2010). We 
assessed the ROS abundance in wild-type and lox3 mutants in response to the standard PAMP 
flagellin and U. maydis infection. To this end, leaf disks of plants were treated with the PAMP 
flg22 and ROS production was monitored over 30 to 40 minutes using a luminol-based assay. A 
clear difference was observed in ROS production; lox3 mutants exhibited an enhanced PAMP-
triggered ROS burst in comparison to the wild-type maize plants. This was observed upon 
flagellin treatment alone (Figure 35A) and, even more pronounced, in response to additional 
infection by U. maydis (Figure 35B). The enhanced ROS-accumulation in lox3 mutant maize and 




Figure 35: PAMP-triggered ROS accumulation. Figure (A) Curves corresponding to mock. 13a-8, 
11b-9 lines show higher ROS burst upon flg22-treatment compared to wild-type. Figure B curves 
corresponding to U. maydis infected 13a-8, 11b-9 lines show higher ROS burst upon flg22-
treatment compared to wild-type. Both lox3 mutants contribute to the flg22-triggered ROS 
burst response. Shown are the average values of 4 independent experiments, ± standard error 
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4.7.8 Infection-dependent regulation of selected maize gene expression 
To understand the potential cause of the increased resistance to U. maydis, expression of 
PATHOGENESIS-RELATED (PR) genes were studied since they are induced upon infection. In 
particular, LOX, 12-OXOPHYTODIENOATE REDUCTASE (OPR) and other genes were selected 
based on the RNA sequencing data from Lanver et al. (2018). The maize POLYUBIQUITIN 1 gene 
and the 18S RIBOSOMAL RNA were used as endogenous controls to normalize the expression 
values. To understand the transcriptional differences between lox3 mutant (#13a_8, generated 
with Cas endonuclease technology) and wild-type, plants were infected with the solo-
pathogenic fungus SG200 and water was injected for the case of mock treatment. Plant leaf 
material was harvested at two time points i.e at 4 days and 8 days post inoculation. At 4 days 
post inoculation, two leaves (i.e. the 2nd, 3rd) were harvested independently to observe the 
differential regulation across the leaves. Four independent experiments were performed and 
for each experiment 20 plants were infected. Usually, U. maydis infection varies to some extent 
even across genetically identical plants. Therefore, ten siblings were pooled into one sample 
and used for RNA extraction.  
 
4.7.8.1 Infection-dependent regulation of selected maize PR gene expression 
Many PATHOGENESIS-RELATED (PR) genes are induced upon pathogen attack. Hence, they are 
widely used as marker genes for defense responses in plant-pathogen interactions. To this end, 
expression of PR genes such as PR1, PR3, PR4, and PR5 were quantified in response to U. 
maydis infections. Selected four PR genes were upregulated in two different leaves upon U. 
maydis infection in comparison to the mock-inoculated wild-type. Transcripts of PR3, PR4 were 
significantly upregulated in two different leaves, whereas in the case of PR1 it was significant 
only in the second leaf in comparison to the wild-type (Figure 36A). 
Given the transcript upregulation results from infected wild-type plants, the comparative data 
of wild- type mock versus mutant mock treatments were further generated in order to 
investigate the mutant background for infection-independent particularities. The selected PR 
genes were downregulated in the mock-inoculated lox3 mutant. Transcripts of PR4, PR3 were 
significantly downregulated in the second and third leaf respectively (Figure 36B).  
To examine the behavior of PR transcripts in the lox3 mutant plants upon U. maydis infection, 
transcripts were measured and compared with the wild-type-infected plants. PR1, PR4, PR3 
transcripts were upregulated in third leaf and PR3 was significant (Figure 36C). For 8 dpi PR1, 
PR3, PR4 transcripts were down-regulated and PR1 was significant. PR5 transcripts were 









Figure 36: Differential expression of selected pathogenesis-related genes. (A) Gene expression 
in U. maydis-infected compared with mock-inoculated WT maize, with the expression level of 
the latter being set to 1 (4 dpi). (B) Gene expression in mock-inoculated lox3 compared with 
mock-inoculated WT maize (4 dpi), (C) Gene expression in U. maydis-infected lox3 compared 
with U. maydis-infected WT maize (4 dpi). (D) Gene expression in U. maydis-infected lox3 
compared with U. maydis-infected WT maize (8 dpi). Gray color indicates second leaf 
transcripts, black color indicates third leaf transcripts. Asterisks indicate significant differences 
from the corresponding control (***, P < 0.001, **p<0.01,*p<0.5), Statistical analysis of RT-
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4.7.8.2 Infection-dependent regulation of selected maize LOX gene expression 
Several 9LOX genes, namely LOX1, LOX2, LOX3 and LOX5, were shown to be upregulated in 
response to U. maydis infection by transcriptional time course data ((Doehlemann et al., 2008). 
Given the expression of these genes, further looked at the expression of all 9-LOX genes which 
comprise LOX1, LOX2, LOX3, LOX4, LOX5, LOX6 and LOX12 as well as the 13LOX members LOX8, 
LOX9, LOX10 and LOX11 in mutant and wild-type plants responding to U. maydis infection.  
Transcripts of LOX1, LOX2, LOX3, LOX4 and LOX9 were significantly upregulated in two different 
leaves of U. maydis infected, in comparison to the mock-inoculated wild-type. Transcripts of 
LOX8 is significantly upregulated in second leaf. Transcripts of LOX6 is significantly down 
regulated in third leaf. Transcripts of LOX5 and LOX12 exhibited a similar tendency of 
upregulation in two different leaves, which was however not significant. These results indicate, 
predominant LOXs were upregulated with the U. maydis infection (Figure 37A). 
Transcripts of LOX2, LOX3, and LOX11 were significantly down-regulated in two different leaf 
tissues of mock-inoculated lox3 mutants in comparison to mock-inoculated wild-type. 
Furthermore LOX10, LOX12 transcripts were down regulated in third leaf. These results indicate 
the majority of the lox transcripts were down-regulated in the mutant background (Figure 37B).  
Transcripts of LOX1, LOX8, and LOX9 were induced in two different U. maydis infected leaves, 
but only the second leaf demonstrated significant upregulation of the transcripts. Transcripts of 
LOX4, LOX6 significantly upregulated in third leaf (Figure 37C). For 8DPI, transcripts of LOX1, 
LOX2, LOX3, LOX11 significantly down-regulated) in comparison to the wild-type infected 




Figure 37: Differential expression of LOX genes. (A) Gene expression in U. maydis-infected 
compared with mock-inoculated WT maize, with the expression level of the latter being set to 
1 (4 dpi). (B) Gene expression in mock-inoculated lox3 compared with mock-inoculated WT 
maize (4 dpi), (C) Gene expression in U. maydis-infected lox3 compared with U. maydis-infected 
WT maize (4 dpi). (D) Gene expression in U. maydis-infected lox3 compared with U. maydis-
infected WT maize (8 dpi). Gray color indicates second leaf transcripts, black color indicates third 
leaf transcripts. Asterisks indicate significant differences from the corresponding control 
(***, P < 0.001, **p<0.01,*p<0.5), Statistical analysis of RT-qPCR was performed using the R-
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4.7.8.3 Infection-dependent regulation of selected maize 12-OXOPHYTODIENOATE 
REDUCTASE (OPR) gene expression 
Given the differential expression of LOXs, the downstream genes Of LOXs such as OPR (12-oxo-
phytodienoic acid reductases) were further studied. Literature indicates that LOXs were also 
involved in jasmonic acid (JA) biosynthesis. Besides this some OPR have the substrate specificity 
and are part of the octadecanoid pathway which converts linolenic acid to the phytohormone 
JA. Given this information, the transcriptional behavior of selected OPR genes were further 
studied (i.e. OPR2, OPR5, OPR6, OPR7, and OPR8). 
Transcripts of OPR2, OPR8 were significantly upregulated in two different leaves of U. maydis 
infected wild-type in comparison to mock-inoculated wild-type. OPR5, OPR7 were also 
upregulated in both leaf tissues but this was not significant. OPR6 transcripts were down 
regulated and this was significant in the third leaf. Results indicate that the majority of OPRs 
(except OPR6) were upregulated with the infection of U. maydis (Figure 38A).  
Transcripts of OPR2, OPR5 were downregulated, OPR5 was significant in the third leaf of mock-
inoculated mutant compared to mock-inoculated wild-type. OPR6, OPR7 have exhibited the 
same trend of transcriptional behavior such as upregulation in the third leaf and down-
regulation in the second leaf, OPR6 was significant in the third leaf. Transcripts of OPR8 were 
upregulated in two different leaves and the third leaf was significant (Figure 38B).  
Transcripts of OPR2, OPR5 and OPR7 were upregulated in the mutant infected plants in 
comparison to the infected wild-type and OPR5, OPR7 were significant in the second leaf. OPR6, 
OPR8 exhibited the same trend of transcriptional behavior i.e. downregulation in the second 
leaf and upregulation in the third leaf and both were not significant. Results indicate that the 
selected OPRs were upregulated in the third leaf of a mutant plant at 4dpi (Figure 38C). For 8 





Figure 38: Differential expression of selected 12-OXOPHYTODIENOATE REDUCTASE (OPR) genes. 
(A) Gene expression in U. maydis-infected compared with mock-inoculated WT maize, with the 
expression level of the latter being set to 1 (4 dpi). (B) Gene expression in mock-inoculated lox3 
compared with mock-inoculated WT maize (4 dpi), (C) Gene expression in U. maydis-infected 
lox3 compared with U. maydis-infected WT maize (4 dpi). (D) Gene expression in U. maydis-
infected lox3 compared with U. maydis-infected WT maize (8 dpi). Gray color indicates second 
leaf transcripts, black color indicates third leaf transcripts. Asterisks indicate significant 
differences from the corresponding control (***, P < 0.001, **p<0.01,*p<0.5), Statistical 
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4.7.8.4 Infection-dependent regulation of selected maize gene expression 
Transcripts of CORN CYSTAIN9 (CC9), PHENYLALANINE AMMONIA-LYASE (PAL), PATHOGENESIS-
RELATED MAIZE PROTEIN (PRM3), MAIZE PROTEINASE INHIBITOR (MPI), ALLENE OXIDE 
SYNTHASE (AOS), GLUTATHIONE S-TRANSFERASE (GST), CYTOCHROME P450 and HYDROLASE 
(HYD), were measured since these genes have the putative association to JA or induced upon 
pathogen.  
Transcripts of p450, PAL1, PRM3, CC9, GST2, HYD were significantly upregulated in two different 
leaf tissues of U. maydis infected in comparison to the mock-inoculated wildtype. Transcripts 
ACX were upregulated third leaf. Results indicate that the majority of the selected gene 
transcripts were induced with Ustilago infection (Figure 39A). 
P450, PRM3 transcripts were significantly down-regulated in two different leaf tissues of mock-
inoculated mutant in comparison to the mock-inoculated wild-type. PAL, CC9, GST2 
downregulated in third leaf, but not significant. Transcripts of ACX, HYD significantly upregulate 
in second leaf of mock-inoculated mutant in comparison to the mock-inoculated wildtype 
(Figure 39B).  
Transcripts of PAL, MPI, CC9, and HYD were significantly upregulated in the mutant-infected 
second leaf in comparison to the infected wild-type. Transcripts of ACX were upregulated in 
second leaf, and downregulated in third leaf significantly (Figure 39C). For the 8 dpi transcripts 
of MPI is upregulated and all other transcripts were down-regulated, none of them were 




Figure 39: Differential expression of selected genes. (A) Gene expression in U. maydis-infected 
compared with mock-inoculated WT maize, with the expression level of the latter being set to 
1 (4 dpi). (B) Gene expression in mock-inoculated lox3 compared with mock-inoculated WT 
maize (4 dpi), (C) Gene expression in U. maydis-infected lox3 compared with U. maydis-infected 
WT maize (4 dpi). (D) Gene expression in U. maydis-infected lox3 compared with U. maydis-
infected WT maize (8 dpi). Gray color indicates second leaf transcripts, black color indicates third 
leaf transcripts. Asterisks indicate significant differences from the corresponding control 
(***, P < 0.001, **p<0.01,*p<0.5), Statistical analysis of RT-qPCR was performed using the R-





Gene expression in U. maydis-infected compared 
with mock-inoculated WT plants at 4 dpi 
Gene expression in mock-inoculated lox3 mutant
compared with mock-inoculated WT plants at 4 dpi 
Gene expression in U. maydis-infected lox3 mutant 
compared with U. maydis-infected WT plants at 8 dpi
Gene expression in U. maydis-infected lox3 mutant 
compared with U. maydis-infected WT plants at 4 dpi
A B
C D
WT U. maydis-infected leaf 2 WT U. maydis-infected leaf 3 lox3 mock-inoculated leaf 2 lox3 mock-inoculated leaf 3











































































PRM3PAL1P450 MPI ACX AOS CC9 GST2 HYD
72 
 
4.7.9 Callose deposition investigation in wild-type and lox3 mutants in response to U. 
maydis infection 
Given the results from PAMP triggered ROS burst assay, further investigation was carried out to 
assess callose deposition in the maize lox3 mutants. Typically callose formation is an important 
aspect of development and plant response to stress conditions (Verma and Hong, 2001). Callose 
deposition does not seem to be enhanced in U. maydis infected lox3 mutants in comparison to 
wild-type counterpart. One day after U. maydis infection, leaf segments from wild type and lox3 
mutant maize lines were stained with aniline blue for detection of callose deposition events 
(Figure 40). 
 
Figure 40: Fungal hyphae were visualized by Alexa Flour WGA treatment. Pictures of WGA and 
aniline blue channels represent projections of confocal z-stacks. Brightfield (BF) pictures are 
single optical sections from the same respective z-stacks. Scale bars represent 20 μm. Extensive 
aniline blue staining of callose depots in vascular tissue (asterisks) and stomata (arrowheads) 




















5.1 Host-induced gene silencing-based resistance to maize anthracnose  
Plant pathogenic fungi are a constant and major threat to global food security; they represent 
the largest group of disease-causing and the most devastating agents for crop plants on our 
planet. Thus, protection of plants against pathogenic fungi is one of the major challenges. Maize 
is one of the most cultivated crops in the world. On a worldwide scale, pathogen causes 
approximately 75 million metric tons yield losses annually. Most notable diseases are maize 
anthracnose and corn smut. Given the information, the present investigation was aim to 
establish disease resistance in maize plants by using host-induced gene silencing (HIGS) and Cas 
endonuclease technology. 
HIGS is an RNAi-based mechanism. In this process, small RNAs are produced by the transgenic 
plants. The resulting small RNAs silence the gene-specific transcripts of the pathogen that 
attack.  
Plants have evolutionarily acquired an immune system based on their gene silencing machinery 
to defend themselves against invading viruses (Csorba et al., 2009; Harvey et al., 2011; Hu et al., 
2011). Based on this feature, HIGS was developed (Huang et al., 2006). The principle of HIGS has 
been intensively used to control the fungal pathogens of wheat and barley 
Puccinia species, Blumeria graminis, and Fusarium species (Nowara et al., 2010; Koch et al., 
2013; Pliego et al., 2013; Cheng et al., 2015; Chen et al., 2016; Zhu et al., 2017b; Panwar et al., 
2018; Qi et al., 2018). In rice, it was showed against Magnaporthe oryzae (Zhu et al., 2017a). 
Further, this technology has been used in other plants species such as banana, tomato, and 
potato (Dou et al.; Jahan et al., 2015; Song and Thomma, 2018). Remarkably, this technology is 
well proven in maize against the fungal pathogen Aspergillus flavus that causes aflatoxin 
contamination. Therefore, millions of tons of maize are lost globally, and the consumption of 
contaminated food and feed constitutes a critical health issue for humans and livestock (Wu, 
2006; Thakare et al., 2017).  
The selection of candidate genes is very crucial for the success of HIGS approaches. In theory, 
any essential gene of the pathogen can be used to produce plants that show resistance. 
However, previous work of PRB (working group) and others has shown that for some reason, 
only a few of the pre-selected candidate genes eventually prove useful (Baum et al., 2007). The 
rational of the present project is that fungicide targets have been comprehensively pre-
evaluated as being indispensable for pathogenicity. Therefore, in the present investigation, 
fungicide targets genes were used as prime candidates for particularly effective HIGS 
approaches. To this end, C. graminicola -Tubulin (-Tub) and Succinate dehydrogenase (Sdh) 
were used as potential candidate genes, since they are the targets of fungicides such as 
benzimidazoles and boscalid respectively (Hollomon et al., 1998; Ma and Michailides, 2005; Zou 
et al., 2006; Xiong et al., 2015). Typically, orthologues of these genes do exist in maize as well, 
which is why it is essential to find target regions showing sufficient sequence diversity as 
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compared to their hosts' counterparts to avoid off-target effects. To find out the sequence 
diversity, NCBI-blast analysis was performed and revealed sequence similarity at the nucleotide 
level of 82% for -Tub2, 81% for Sdh1, 85% for Sdh2. By contrast, no hits were found for Sdh3 
and 4. Similarly, blast-based sequence analysis performed by Govindarajulu et al. (2015) for the 
case of developing downy mildew resistance in lettuce plants. Downy mildew in lettuce is 
caused by Bremia lactucae, a biotrophic oomycete. In this approach, several vital genes from 
the pathogen were selected and the absence of stretches of 14 nucleotides or more in the 
lettuce genome was confirmed to minimize off-target effects. For the case of developing 
aflatoxin resistance in maize, Thakare et al. (2017) targeted A. flavus Polyketide synthase (PksA) 
by an HIGS approach. To this end, a detailed bioinformatics analysis was performed to confirm 
that A. flavus do not have any notable DNA sequence homology with the maize genome. 
Furthermore, Yin et al. (2011) selected an RNAi target region specific to the rust fungus Puccinia 
striiformis to avoid unspecific silencing of wheat genes for developing stripe rust-resistant in 
wheat plants. Given the sequence homology, in the present study, 5'-untranslated regions (UTR) 
and 5'-ends of the coding sequence were targeted, to take advantage of their diversity to the 
respective host sequences. Several RNAi-based studies used UTR regions to control diseases in 
mammalian systems, for instance, Hepatitis C virus (HCV), the major causative agent of liver 
associated diseases. To this end, siRNAs were designed to target the 5'-UTR region, which 
resulted in 80% suppression of HCV replication (Yokota et al., 2003). Khaliq et al. (2011) 
demonstrated a dramatic reduction of mRNA and protein levels by targeting the HCV 5'-UTR. A 
study from Raheel and Zaidi (2014) showed that targeting the 5'-UTR region with siRNAs is a 
promising strategy to control the dengue disease. Similar results were reported by Deng et al. 
(2012) for the case of Enterovirus 71 (EV71). In the present research, to increase the formation 
of siRNAs, the target sequences were cloned three times into the IPKb vectors. The IPKb vectors 
were developed in the PRB group of IPK to facilitate RNAi-based studies (Himmelbach et al., 
2007; Kumlehn, 2008). They were tailored for cereal transformation. A detailed description of 
the vectors can be found by Kumlehn (2008). These vectors were used in several studies, notably 
to control fungal diseases in barley and wheat (Nowara et al., 2010; Chen et al., 2016). Selected 
5'-UTR regions were synthesized into entry vectors and cloned into IPKb (destination) vectors 
via LR Gateway cloning reaction. Nowara et al. (2010) used IPKb based vectors for B. graminis 
target gene Avra10. Later, Chen et al. (2016) used fragments of the F. culmorum -1,3-Glucan 
synthase gene (Gls1) in IPKb vectors.  
To achieve the transgenic plants in order to expressing hairpin expression units, it is very 
important to select the maize genotype that is amenable to genetic transformation studies. For 
this purpose, the Hi-II A x B hybrid is used. It has the ability to produce type-2 rapidly growing 
callus, which is an excellent explant source for maize transformation studies (Armstrong et al., 
1991; Jones, 2009; Que et al., 2014). Given the information, stable maize genetic transformation 
was performed with Hi-II A x B F1 embryos (Hi-II A used as female and Hi-II B used as male) as 
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described by Hensel et al. (2009). In a similar HIGS approach for developing aflatoxin resistance 
of maize, Thakare et al. (2017) used the same Hi-II A x B hybrid.  
The level of resistance varies between genotypes (Weihmann et al., 2016). Therefore, it is 
essential to screen the genotypes for its susceptibility. To this end, an infection test was carried 
out with C. graminicola comparing Hi-II A x B, Golden Jubilee (super susceptible) and Mikado 
(standard susceptible cultivar) (Weihmann et al., 2016) by quantified fungal biomass with qPCR 
(Weihmann et al., 2016). The results indicated that the Hi-II A x B susceptibility levels are similar 
to Mikado. It is a standard method to quantify the fungal biomass with qPCR in maize-
Colletotrichum infection studies, since it is difficult to judge the infection symptoms on a visual 
basis. A detailed explanation of the methodology is very well described by Weihmann et al. 
(2016) by comparing several maize accessions. Several other studies also used qPCR-based 
assays to access the infection rate (Brouwer et al., 2003; Gachon and Saindrenan, 2004; Silvar 
et al., 2005). For instance, it has been shown that the quantification of fungal DNA is an accurate 
measure of the disease severity of Pyrenophora tritici-repentis (See et al., 2016) and 
Stagonospora nodorum (Oliver et al., 2008). In maize, Mitema et al. (2019) quantified A. flavus 
biomass with a qPCR-based assay.  
In the present investigation, homozygous plants were produced for single, double and multiple 
T-DNA copies. The number of transgene copies can be positively or negatively associated with 
transgene expression (Hobbs et al., 1993), thus T-DNA copy numbers were assessed in 
transgenic plants using DNA gel blot analysis. In this study, infection tests were conducted with 
several homozygous RNAi events to access its resistance towards C. graminicola. To this end Hi-
II A x B azygous wild-type plants (derived from the same tissue culture procedure) being used 
as control. 
The results illustrate that a few RNAi transgenic events exhibited lower fungal biomass as 
compared to the azygous wild-type control. For instance, #E-25-2 exhibited significantly reduced 
fungal biomass, whilst events #E-118-2, #E-6-2, #E-1-5 showed only a tendency of less fungal 
growth. Events #E-1-5, #E-6-2, #E-25-2 were derived from the transformation using the vector 
pNB97. This vector targets the fungal Sdh1, and the sense and antisense sequences are driven 
by double enhanced CaMV 35S promoter. Events #E-1-5, #E-6-2 and #E-25-2 had one, two and 
three T-DNA copies, respectively. Quantification results indicated that plants with three copies 
had a significantly stronger resistance that those with one or two copies. More copies likely 
provide more abundant siRNAs which down-regulated Sdh efficiently in C. graminicola. In 
agreement with this speculation, Ku et al. (1999) experimentally achieved higher transcript 
abundance with a high copy number. Besides this, Zuo et al. (2016) reported gene dosage-
dependent expression pattern of small RNA transcripts in maize. HIGS based quantitative 
resistance was demonstrated by several authors in several plant species. For instance, B. 
graminis is the powdery mildew fungus that infects cereal crops and thereby causes significant 
yield losses. Transgenic barley and wheat engineered to express dsRNA targeting 
Glucanosyltransferase genes, which resulted in reduced disease symptoms (Nowara et al., 
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2010). Further, the HIGS strategy was also used to silence the fungal effector gene Avra10 in 
Mla10 mutant lines of barley which showed reduced fungal development. Later, Koch et al. 
(2013) reported HIGS directed to the fungal Cytochrome P450 lanosterol C-14α-demethylase 
(Cyp51) gene to limit the growth and development of F. graminearum on barley plants. In maize, 
the HIGS strategy was used to knock-down transcription factor (AflR) and polyketide synthase 
(PksA) of A. flavus, which are regulators of the aflatoxin biosynthetic pathway (Masanga et al., 
2015; Thakare et al., 2017). The expression of the hairpin construct directed against AflR in 
transgenic maize plants resulted in 14-fold reduced aflatoxin levels when the A. flavus strain 
colonized the plants (Masanga et al., 2015). Thakare et al. (2017) also produced transgenic 
maize lines carrying RNAi cassettes that simultaneously targeted three regions of AflC. The 
transgenic lines infected with an A. flavus strain displayed no aflatoxin production. In addition, 
Alpha-amylase gene expression (Amy1) in A. flavus was suppressed in maize by expressing an 
RNAi construct against Amy1, resulting in reduced fungal colonization and decreased aflatoxin 
production (Gilbert et al., 2018).  
Event #E-2a-3 derived from transformation using pNB96 which targets fungal -Tub2, with the 
hairpin construct being driven by a doubled enhanced CaMV 35S promoter. This event does not 
show any difference compared to the wild-type. Transgenic events #E-119-4, #E118-2 and #E-
125-3 derived from transformation using pNB98 
targeting -Tub2, with the hairpin construct being 
driven by maize Ubi-1 promoter. Event #E-118-2 
exhibited less fungal growth compared to the wild-
type, but not significant. Events #E-119-4 and # E125-
2 exhibited similar fungal biomass like wild-type. 
These results co-inside with the those of 
Govindarajulu et al. (2015) who targeted several 
fungal genes with RNAi to provide resistance to 
downy mildew of lettuce, caused by Bremia lactucae. 
One of these target genes as -Tub which was not 
effective in causing resistance. The maize 
transformation experiment using with pNB99 
vectors initially failed to produce regenerants, 
thereby, RNAi expressing events derived from pNB99 
will be used in future infection experiments. 
To our knowledge, this is the first report to 
demonstrate that silencing of C. graminicola Sdh1 
leads to quantitative resistance of maize towards the 
anthracnose disease. Selected transgenic events will 
be tested in field-like conditions to access the 
durability of the resistance. According to the EU law, 
 
Figure 41: Proposed working model. 
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the developed transgenic material falls into the category of genetically modified organisms 
(GMOs), whereas validated candidate genes and target sequences can be used in the spraying 
induced gene silencing (SIGS) approach which may not fall in GMO category.  
5.2 RNA guided Cas endonuclease - the new era of genome engineering 
In addition to the HIGS approach, another strategy was pursued, which is site-directed 
mutagenesis. As a part of this strategy, the current study aim to knock out the host susceptibility 
factor maize 9-LIPOXYGENASE (LOX3) by Cas endonuclease technology. This technology has 
evolved as a particularly powerful means to improve crop plants through site-directed genome 
modification (Kumlehn et al., 2018). This method has been successfully employed in almost all 
important crop species, for instance, wheat, rice, cassava, maize (Connorton et al., 2017; Nieves-
Cordones et al., 2017; Odipio et al., 2017; Shi et al., 2017; Wang et al., 2017; Mao et al., 2018). 
 
5.2.1 Knock out of LOX3 
Maize LOX3 is proven to be a susceptibility factor for C. graminicola infections (Gao et al., 2007). 
Therefore it was targeted in the present study by Cas endonuclease technology, which may 
provide resistance. Theoretically, any part of the gene can be potentially used as a target region 
for site-directed mutagenesis approaches. In the current investigation, first exon region was 
targeted. In several other reports, the first exon was chosen as target site to mutate (Jansing et 
al., 2019). The success of the mutation rate is depended of the gRNA. In the present 
investigation, the DESKGEN online platform knock-in panel (Chandrasekaran et al., 2016; 
Doench et al., 2016; Gomez et al., 2019) was used to select the gRNAs. This included a detailed 
off-target analysis, which revealed potential off-targets with a least three base pair mismatches. 
However, off-target cleavage is very unlikely in motifs with three base pair mismatches. The five 
gRNAs selected were further validated using the WU-CRISPR (Wong et al., 2015) online tool for 
the activity score. The selected gRNAs were also compared with each other using the "sgRNA 
design tool" of the Broad Institute (http://portals.broadinstitute.org/gpp/public/analysis-
tools/sgrna-design). This prediction model for gRNA activities was developed based on the 
investigation of several thousand gRNAs and should improve the selection of these for a specific 
target sequence (Doench et al., 2016).  
 
5.2.2 Cas9/gRNA transient test system in protoplasts 
It is advisable to pre-validate the selected gRNAs to test their efficiency prior to stable genetic 
transformation, which provides the possibility to choose truly functional and the most efficient 
gRNAs. To this end, a protoplast transient expression test system was adapted with 
modifications according to Sheen (1991); Cao et al. (2014); Zhu et al. (2016) in the PRB (working) 
group. GFP was used as an internal control to validate the incidence of the transformation. High 
transformation efficiency (more than 90%) was achieved, which is consistent with results from 
Cao et al. (2014) for maize. Mutations were detected for gRNA target motifs 2, 3 and 4. By 
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contrast, low and no mutations were detected for target motif 1 and 5 respectively. Zhu et al. 
(2016) demonstrated the validation of gRNAs in maize protoplasts. Besides this, Lin et al. (2018) 
defined potential applications of protoplast technology and its validation in several plant species 
such as N. tabacum, bamboo, millet, rice, maize, Arabidopsis, broccoli and rapeseed. Given the 
result from the protoplast assay, gRNA target motif 1 and 5 were not continued further for the 
stable transformation studies in the present investigation.  
 
5.2.3 Molecular characterization of maize lox3 mutations 
Stable genetic transformation resulted with the mutation efficiency more than 95% for all the 
target motifs. The achieved efficiencies are on par with the best results reported thus far in 
maize (Shi et al., 2017). The predominant occurrence of small insertions and deletions amongst 
the mutations obtained is in accordance with previous work on crop species of the Poaceae 
family as well (Shi et al., 2017; Gerasimova et al., 2020). In general, Cas endonuclease 
technology could result five genotypes. Namely, homozygous (the two alleles have the same 
mutation), bi-allele (the two alleles have different mutations), heterozygote (only one allele is 
mutated), chimera (more than two different mutations exist), and Wild-type (no mutation) 
(Yang et al., 2017). 
 
5.2.4 Heritability of gRNA/Cas9-induced mutations 
Several primary transgenic plants (T0) with mutations were further grown to next generations 
to produce homozygous mutations. The progeny analysis of T0 plants revealed that vast majority 
of the mutations detected in T0 were heritable to T1 (and further) generations. For instance, 
progeny analysis of plant #21a revealed that, all T1 siblings contained the same mutation as their 
mother plant. Progeny analysis indicated that the T0 mutation was homozygous. A conceivable 
interpretation for this result is, that, after double-strand break induction, one mutated allele 
likely served as repair template for the other. A similar phenomenon was reported by Schedel 
et al. (2017). In the present investigation, new mutation pattern also observed within T1 siblings. 
For instance, in plant 4a#, a +G insertion was detected in T0. Out of 10 analyzed T1 siblings, eight 
contained the same mutation. However, the two plants #4a_6, #4a_5 exhibited newly occurring 
mutations, namely a C insertion and a deletion of 3 nucleotides, respectively. Based on a 
comparison of plants of T0 and T1, the primary T0 Cas9/gRNA edited line #4a was interpreted as 
heterozygous. However, heterozygotes carry the wild-type alleles which can still be mutated, as 
Cas9/gRNA transgenes stay active over generations. These results coincide with findings in A. 
thaliana (Ma et al., 2015), tomato (Pan et al., 2017) and rice (Zhang et al., 2014). In the present 
investigation, progeny analysis of plant #17a resulted in vast variety of new mutations. In T0, a 
+A mutation was detected, whereas the majority of T1 siblings (7) exhibited a -A, while a +A 
mutations was found in only one plant and three plants carried mutations (+2, +4, -5) which 
were not found in T0. The analysis of T2 plants of selected self-pollinated T1 17a_10 mutants 
showed that new mutations also occurred in the T2 generation, but the number was lower 
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compared to the T1 generation. This is consistent with the results from a progeny analysis in 
Arabidopsis (Feng et al., 2014). This phenomenon speculated, that new mutations were derived 
from chimeric tissue of T0 plants which was not represented in the leaf sample used for 
genotyping of the T0. Cas9/gRNA can simultaneously or successively produce a number of 
independent mutation events in different cells of a developing individual as long as the wild-
type target region is present in any of the two corresponding gene copies of a diploid species in 
the G1 phase of the cell cycle or in any of the 4 copies in G2. Coincide with previous work of 
Yang et al. (2017); Zhang et al. (2020). T-DNA-free mutants were generated by self-pollination, 
by which valuable material can be provided for crop improvement (Pan et al., 2017). 
Independent segregation of mutations and T-DNA insertion loci has also been observed in 
previous investigations in maize and other plants (Schedel et al., 2017; Lee et al., 2019; Li et al., 
2019). 
 
5.2.5 Dual gRNA-induced mutations 
Genomic deletions have been playing an essential role in plant evolution (Soltis et al., 2014; De 
Smet et al., 2017). For instance, the spontaneous mutation in the rice DENSE AND ERECT 
PANICLE1 (DEP1) gene has a 625 bp deletion, which results in upright panicles and increased 
grain yield (Huang et al., 2009). Likewise, spontaneous deletions in the maize WAXY gene alter 
the starch composition of the grains (Wessler et al., 1990). Therefore, targeted genomic 
deletions could serve as useful means in modern plant breeding. A single cleavage site typically 
results in short deletions and/ or insertions, whereas simultaneously addressed pairs of target 
motifs can result in accordingly large and precisely predictable deletions. For instance, 
expression of dual gRNAs in soybean resulted in large fragment deletions (Cai et al., 2018b). In 
each genetic transformation of the present investigation, two gRNAs were combined for a 
particular target region. Dual gRNA expression resulted in lower mutation frequency (including 
mutations at the individual cut sites), as compared to individually expressed gRNAs. One 
possible explanation for this low efficiency is that the DNA cut at each target must be performed 
simultaneously, and the probability of this occurrence is much lower than asynchronous cuts 
and repairs at each site. In the present investigation, each of the transformation experiment 
resulted mutations for only one plant for both target motifs. For instance, plant #18a was 
mutated at both target motifs at target motif 2 eight bp deletion detected, at target motif 3 one 
bp insertion detected. A progeny analysis revealed that all T1 siblings contained the same 
mutation as their mother plant, indicating its homozygous state for detected mutations. Dual 
gRNA expression resulted in large deletions. For instance, in plant #216a, a 33 bp deletion was 
detected which exactly represents the region between the cleavage sites of the two target 
motifs, while an insertion of 10 bp occurred in addition. These results are consistent with 
Srivastava et al. (2017), who demonstrated a deletion of the gus marker gene in rice by 
expressing dual gRNAs. Dual gRNA-based deletions were also reported in other plant species, 
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for instance in barley (Kapusi et al., 2017), tomato (Brooks et al., 2014), Arabidopsis (Pauwels et 
al., 2019) and Nicotiana tabacum (Mercx et al., 2017).  
 
5.2.6 lox3 mutants are more resistant to C. graminicola 
lox3 mutant plants derived from all 3 gRNAs were tested for their response to C. graminicola 
infections. The selected mutant plants #1e_1, #10a_3 and # 23a_6 contain the mutations +G, 
+A and -CA. In silico analysis revealed a premature stop. The infection assays revealed that the 
fungal biomass is significantly reduced in the lox3 mutant plants. A study from Gao et al. (2007) 
demonstrated similar resistance in maize by mutating lox3 pursuing a transposon insertional 
mutation approach. Furthermore, several studies reported LOX-based resistance in several 
plants species such as tobacco (Rance et al., 1998; Cacas et al., 2005), pepper (Hwang and 
Hwang, 2010) Arabidopsis and wheat (Nalam et al., 2012; Nalam et al., 2015).  
 
5.2.7 lox3 mutants show moderate resistance to U. maydis  
In the present investigation, a preliminary test revealed that Hi-II-A x B is susceptible to U. 
maydis infections. This test and all further infection and scoring experiments followed the 
principles established by Kämper et al. (2006), since these are standard in the maize-Ustilago 
pathosystem community. Notably, the test is necessary, since several studies have shown that 
different Z. mays varieties display varying susceptibility to U. maydis infection (Stirnberg and 
Djamei, 2016). For example, Early Golden Bantam (EGB) sweet corn is reportedly more 
susceptible than field corn to U. maydis (Laplace, 1989; Parry, 1990; White, 1999). In the present 
study, infection assays with lox3 maize mutants challenged by U. maydis revealed that the 
mutants exhibited moderate resistance, as was seen by comparing the symptom profiles of the 
mutant plants in comparison to wild-type. Both in-frame and frameshift mutations caused 
moderate resistance to U. maydis. Furthermore, lox3 transposon insertional mutants also 
exhibited moderate resistance to U. maydis, which provided convergent evidence that lox3 
mutants with different allelic variation and genetic background exhibit the same phenotype. 
The present investigation confirms the expectation that, lox3 plants generated by site-directed 
mutagenesis show moderate disease resistance to U. maydis infections as well.  
An advantage of using Cas endonuclease technology over former approaches is that background 
mutations can be ruled out to a great extent. Similarly, Zhang et al. (2017) reported enhanced 
powdery mildew resistance in wheat by simultaneously targeting the three homoeologs of 
wheat ENHANCED DISEASE RESISTANCE1 (EDR1). Nekrasov et al. (2017) demonstrated the 
knockout of MILDEW RESISTANT LOCUS O (MLO), which conferred resistance to powdery 
mildew resistance in tomato. Resistance to powdery mildew was also achieved by targeted 
mutagenesis of POWDERY MILDEW RESISTANCE4 (PMR4) in tomato (Koseoglou, 2017). 
Targeted mutagenesis of rice ETHYLENE RESPONSIVE FACTORS (ERF922) resulted in enhanced 
resistance against Magnaporthe oryzae infections (Wang et al., 2016a). Furthermore, targeting 
grape transcription factor WRKY52 demonstrated enhanced resistance to Botrytis cinerea 
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(Wang et al., 2018). In a similar manner, virus resistance was achieved in several plant species 
by using Cas endonuclease technology (Chandrasekaran et al., 2016; Pyott et al., 2016; 
Tashkandi et al., 2018; Gomez et al., 2019). 
 
5.2.8 U. maydis growth is hampered in the lox3 mutants 
Give the resistance, further investigation was carried out to measure the fungal biomass by 
qPCR at two time points namely 6 and 12 dpi. The results revealed that the fungal biomass is 
less in the lox3 mutant plants in comparison to the wild-type. Decreased fungal biomass 
correlated with the less symptoms observed in the lox3 mutants, suggesting that the fungus 
invasion does not impaired whereas colonization is likely hampered in the lox3 mutant plants. 
 
5.2.9 lox3 mutants do not affect the morphology and Inter-intracellular growth of U. 
maydis 
Confocal microscopy was used to visualize the fungal growth at the cellular level. The results 
revealed that the fungal hyphae were growing inter- and intracellularly in both wild-type and 
lox3 mutant plants. Therefore, it is postulated that fungal invasion is not hampered in lox3 
mutants and wild-type.  
 
5.2.10 lox3 mutant plants respond to U. maydis by increased production of ROS 
Reactive oxygen species (ROS) act as cellular signaling molecules to implement plant immune 
responses, such as pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) 
and effector-triggered immunity (ETI) (Jwa and Hwang, 2017). To stop the fungal spread, the 
plant accumulates reactive oxygen species (ROS) which promote localized cell death. Plants use 
this defence strategy against biotrophs and hemi-biotrophs (Constantino et al., 2013; 
McCormick, 2017). In the present investigation, infected mutant plants exhibited more ROS 
accumulation as compared to the infected wild-type. This suggests that PAMP-triggered 
immunity is activated against U. maydis. Constantino et al. (2013) reported lox3 maize mutants 
(generated via transposon insertional mutagenesis) which accumulated higher levels of ROS in 
comparison to wild-type at 24 hours post-inoculation with C. graminicola. They proposed that 
the higher accumulation of ROS likely limit the duration of the biotrophic stage of the fungal life 
cycle during the disease development. This suggests a decisive role of lipoxygenases in the 
regulation of ROS levels, and that U. maydis inhibits the plant ROS accumulation to establish the 
biotrophic interaction (Molina and Kahmann, 2007; Hemetsberger et al., 2012). Molina and 
Kahmann (2007) speculated that virulence of U. maydis depends on its ability to detoxify ROS. 
Furthermore, Hemetsberger et al. (2012) experimentally proved that U. maydis effector PEP1 
(Protein essential during penetration-1) suppresses plant immunity by inhibition of host 
peroxidase activity. Based on the above-discussed results, it is postulated that the higher 





5.2.11 Callose deposition is not affected in maize lox3 mutants 
Host deposit the callose as a physical barrier to prevent invading pathogens (Bergstrom and 
Nicholson, 1999; Luna et al., 2011; Seitner et al., 2018). Given this information, callose 
deposition was examined. The results revealed that lox3 mutants doesn’t exhibited distinguable 
differences in callose deposition around the fungal hyphae in comparison to wild-type. This 
could be due to maize lox3 mutants may provide the resistance to the U. maydis by another 
mechanism, or aniline blue based callose deposition staining may not sensitive enough to 
distinguish the little amount of callose deposition.  
 
5.2.12 Infection-dependent regulation of selected genes 
Transcriptional time course data from Doehlemann et al. (2008) revealed that several LOX genes 
are upregulated upon Ustilago maydis infection. Considering this information, in the present 
investigation, several LOX and other related plant genes that were influenced by U. maydis were 
measured. RNA sequencing data from Lanver et al. (2018) served as a basis to select some 
candidate genes and to compare the results. These data indicated that transcriptional changes 
were already induced as early as 24 hours post-inoculation. Inoculations were carried out in a 
maize variety called Early Golden Bantam with U. maydis wild-type strains FB1 and FB2 which 
are more virulent in comparison to solo-pathogenic SG 200 (Kämper et al., 2006; Djamei et al., 
2011; Lanver et al., 2018). In the present investigation, plants were analyzed 4 days post-
inoculation, since the solo-pathogenic haploid strain SG200 was used for infection. Transcripts 
were analyzed in leaf 2 and leaf 3. Transcriptional changes that were analyzed in leaf 3 explained 
in the discussion, since it is the leaf emerging after inoculation. This may have the appropriate 
transcriptional changes in response to infection. Using the 8 dpi samples, the study focused only 
on the transcripts of U. maydis-infected lox3 vs. U. maydis infected WT plants.  
Pathogenesis-related (PR) proteins are plant proteins that are induced in response to an 
infection by pathogens (Murillo et al., 1997). Therefore these genes can be used as markers of 
plant defense responses. To understand transcriptional regulation in lox3 mutants, transcripts 
of selected PR genes were analysed. In the present investigation, upon U. maydis infection, 
transcripts of PR1, PR3, PR4 and PR5 were shown to be upregulated.  
This observation is consistent with the results published by Doehlemann et al. (2008). 
Maschietto et al. (2016) also demonstrated the upregulation of several PR genes after plants 
had been infected with F. verticillioides. Furthermore, pathogen-induced upregulation of PR 
genes was reported in several plant species namely, rice (Mitsuhara et al., 2008) and tobacco 
(Kim et al., 2015). However, in the non-infected mutant maize plants, all (selected) PR genes 
were down-regulated except PR3, while the transcripts of PR1, PR3 and PR4 were upregulated 
in infected lox3 mutants. Gao et al. (2008a) reported expression of PR1 as a response of a maize 
lox3 mutant to infection with the root-knot nematode Meloidogyne incognita. However, this 
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upregulation phenomenon was not seen at 8 dpi in the present study. LOX3 likely interferes 
with PR genes by an as yet unknown mechanism.  
Little is known about the biosynthesis and perception of jasmonic acid in maize. In this context, 
the best-characterized enzyme family is the LOX family, where it has been shown that mutants 
with loss of function exhibit striking phenotypes such as feminized tassel structures (Acosta et 
al., 2009) and altered responses to fungal pathogens (Christensen et al., 2013; Christensen et 
al., 2014). In order to establish the biotrophic relationship U. maydis induce JA signaling 
(Doehlemann et al., 2008; Martínez-Soto and Ruiz-Herrera, 2016). Furthermore, upregulation 
of LOX genes upon infections by several pathogen is very well described in the literature, for 
instance in maize by Doehlemann et al. (2008) and in Arabidopsis and wheat by Nalam et al. 
(2015). Maize carries 13 LOX genes (Ogunola et al., 2017). In this study, except LOX13 and LOX7 
other transcripts were analyzed. Upon U. maydis infection, the majority of the LOX genes were 
upregulated. However, LOX6, LOX10 and LOX11 proved to be down-regulated. Maschietto et al. 
(2015) reported a strong induction of the maize LOX genes after F. verticillioides infection, 
indicating their significant role in pathogen interaction. In agreement with this, data from 
Woldemariam et al. (2018) showed that maize LOX genes are induced in feeding experiments 
using Spodoptera exigua (beet armyworm) larvae on maize. A study from Shivaji et al. (2010) 
reported maize LOX1 and LOX3 transcript upregulation upon herbivore feeding. In the present 
Investigation, transcript measurements of mock-inoculated lox3 mutants revealed that several 
LOX genes were down-regulated, except LOX4, LOX6, LOX8 and LOX9. Given this result, it is 
speculated that LOX3 likely regulates other LOX genes. In the present investigation, infected 
lox3 mutant plants exhibited a down-regulation of LOX3, LOX5 and LOX11 and an upregulation 
of LOX1, LOX2, LOX4, LOX6, LOX8, LOX9, LOX10 and LOX12 at 4 dpi. At 8 dpi, the majority of the 
LOX transcripts were down-regulated in the mutant plants except for LOX6. Some of the down-
regulated genes were consistent with the previous observation of Battilani et al. (2018) that 
LOX1, LOX2, LOX5 were down-regulated in maize lox3 mutant kernels inoculated with F. 
verticillioides. This indicates that reduced transcript accumulation or limited downstream 
product formation of the respective genes might resulted in increased resistance.  
Lipoxygenases (LOXs) are very well known for their role in JA biosynthesis (Porta and Rocha-
Sosa, 2002). 12-oxo-phytodienoic acid reductases (OPRs) catalyze the production of JA from its 
precursor 12-oxo-phytodienoic acid (OPDA) which is 13-LOX–derived compound (Lyons et al., 
2013). OPR genes are differentially regulated in response to pathogen infection (Zhang et al., 
2005), which is in agreement with the statement that differential regulation of OPRs are 
observed upon U. maydis infection. In the present study, transcripts of OPR2, OPR5, OPR7 and 
OPR8 were upregulated, while OPR6 was down-regulated in U. maydis infected maize. Zhang et 
al. (2005) reported a strong induction of the OPR2 transcripts when plants had been infected 
with F. verticillioides or Cochliobolus heterostrophus. Furthermore, these authors reported that 
OPR6, OPR7 and OPR8 were induced by wounding. Shivaji et al. (2010) experimentally 
demonstrated the upregulation of OPR2, OPR6, and OPR7 on larval feeding experiments, 
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postulating their role in JA regulation. OPR2 and OPR5 were down-regulated in the mock-
inoculated mutants at 4 dpi and in infected mutants at 8 dpi. In the present study, infected 
maize lox3 mutant plants exhibited induction of all OPR genes at 4 dpi. Based on these results, 
it is concluded that LOX3 might have role in the regulation of these genes. 
CYTOCHROMES P450 s (P450s) participate in the regulation of jasmonic acid (JA) biosynthesis 
for plant defense (Xu et al., 2015). In the present investigation, upregulation of p450 was 
observed upon U. maydis infection. These results are consistent with previous work of 
Doehlemann et al. (2008). Smigocki and Wilson (2004) reported that antisense-suppression of 
Nicotiana cytochrome P450 resulted in increased resistance to Manduca sexta. In agreement 
with this, in the present study, transcripts of P450 were down-regulated in both mock-
inoculated and infected mutant plants at 8 dpi. However, the down-regulated transcripts might 
have an only indirect effect on the observed resistance. Doehlemann et al. (2008) demonstrated 
that PHENYLALANINE AMMONIUMLYASE (PAL) transcript levels were strongly increased in U. 
maydis infected maize gall tissues at 8 dpi. Similarly, a significant transcript upregulation was 
observed in wild-type plants 4 dpi in the present study. By contrast, a tendency of reduced PAL 
transcription was observed in mock-inoculated mutants at 4 dpi. A similar trend was observed 
in infected mutant plants in comparison to the wild-type at 8 dpi. Under consideration that PAL 
was reported as being activated by the JA/ET signaling pathway (Diallinas and Kanellis, 1994; 
Kato et al., 2000; Shoresh et al., 2005), the reduced transcript abundance at 8 dpi suggests that 
JA/ET signaling is compromised in the lox3 mutants.  
Transcript levels of PRm3 (PATHOGENESIS-RELATED MAIZE SEED), which encodes a maize 
chitinase, were increased in infected maize plants in response to fall armyworm feeding (Shivaji 
et al., 2010). In the present investigation, mock-inoculated lox3 mutants at 4 dpi and infected 
mutants at 8 dpi exhibited lower transcript accumulation. MAIZE PROTEINASE INHIBITOR (MPI) 
transcript accumulation was reported in response to fungal (Fusarium moniliforme, Penicillium 
ssp. and Trichoderma ssp.) infection by Cordero et al. (1994) and fall armyworm feeding by 
Shivaji et al. (2010). Indicating its role in plant defence. Ectopic expression of MPI in rice resulted 
in enhanced resistance to the striped stem borer (Chilo suppressalis). In the present 
investigation, MPI transcripts were induced in U. maydis infected lox3 mutants at 4 and 8dpi.  
In the present investigation, the transcripts of ACYL-COENZYME A OXIDASE (ACX) were 
upregulated upon U. maydis infection of wild-type plants, whereas infected mutants exhibited 
reduced transcripts. It was previously known that ACX action is required for the biosynthesis of 
jasmonic acid (JA) in plant peroxisomes (Schilmiller et al., 2007). Xin et al. (2019) experimentally 
proved induction of Arabidopsis ACX transcripts upon JA treatment. More strikingly, Lanver et 
al. (2018) reported that U. maydis induces jasmonate signaling. Given the results of the present 
study and the literature, it is suggested that U. maydis likely profits from ACX transcripts, and 
that the reduced expression in infected lox3 mutant plants may have contributed to improved 
resistance. ALLENE OXIDE SYNTHASE (AOS), a key enzyme involved in the JA pathway (Shivaji et 
al., 2010). In the present investigation, reduced levels of AOS transcripts were detected in 
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infected wild-type plants. Gao et al. (2008a) previously reported reduced AOS transcript levels 
in maize upon infection by the root-knot nematode Meloidogyne incognita. CORN CYSTATIN-9 
(CC9) is a known compatibility factor for the biotrophic interaction of maize with U. maydis, as 
CC9-silenced maize plants featured penetration resistance (van der Linde et al., 2012). 
Consequently, CC9 can be used as a marker gene for JA-related responses (Pinter et al., 2019). 
However, neither 4 nor 8 days post-inoculation, the comparison between wild-type and lox3 
mutant plants infected with U. maydis showed significant differences in CC9 transcript levels, 
which suggests either that JA signaling induction upon U. maydis is not hampered or that U. 
maydis induces host CC9 transcripts in JA-independent manner. GLUTATHIONE S-
TRANSFERASES (GST2) transcripts were upregulated in U. maydis infected wild-type plants. The 
late blight oomycete Phytophthora infestans was shown to activate GST expression and 
increasing accumulation of the resultant gene product in potato leaves after fungal infection 
(Hahn and Strittmatter, 1994). Chacon et al. (2009) reported high induction of GST in tobacco 
during the interaction with Phytophthora parasitica. Later, Hernandez et al. (2009) 
demonstrated that antisense suppression of GST caused increased resistance to Phytophthora 
parasitica and postulated that GST acts as a negative regulator of defence response. In the 
present investigation, mock-inoculated mutant plants exhibited down-regulated GST 
transcripts, suggesting this gene might be susceptibility factor. Upon U. maydis infection, 
HYDROLASE (HYD) transcripts were upregulated in the current study. In general HYD expression 
was shown to be induced by both insect and fungal pathogens (Huffaker et al., 2013; 
Christensen et al., 2015). Later, Dowd et al. (2019) suggested that HYD might play a role against 
pests in an unknown resistance mechanism. Christensen et al. (2015) reported a significant 
upregulation of HYD upon treating maize plants with 10-oxo-11-phytoenoic acid (10-OPEA).  
 
5.2.13 The role of lox3 in plant defense  
The specific chemical functions of the 9-LOX genes are largely unknown. On the other hand, 
literature indicates that 9-oxylipins likely regulate JA production in maize (Borrego and 
Kolomiets, 2016). This was corroborated by the observation that some 9-LOXs possess dual 
substrate specificity by catalyzing 9- as well as 13(S)-hydroperoxy-9Z, 11E-octadecadienoic acid 
(13-HPOD). Kim et al. (2003) demonstrated that maize LOX1 produces 13-hydroperoxylinolenic 
acid and 9-hydroperoxylinolenic acid in a 6-to-4 ratio. 13-hydroperoxylinolenic acid is an 
intermediate substrate in the JA biosynthesis pathway. For maize LOX1, this suggests a role in 
JA regulation. As another predominant 9-LOX, maize LOX12 appears to act as a positive 
regulator of JA production (Christensen et al., 2014). The most compelling indications for a role 
of maize LOX3 in JA biosynthesis come from Gao et al. (2008a) who have demonstrated that 
maize lox3 mutant plants show a tendency to have lower JA levels in the leaves and a 
corresponding increase of salicylic acid. This correlation could explain why U. maydis is 
hampered in establishing biotrophy in maize lox3 mutants, since elevated SA levels have been 
shown previously to inhibit fungal colonization (Djamei et al., 2011). On the other hand, 
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Vellosillo et al. (2007) showed that, Arabidopsis 9-LOX products involvement in ROS, in 
agreement with this idea, in the present study, ROS accumulation was more in lox3 mutants in 
comparison to wild-type in response to pathogen. Given the results, it is speculated that PAMP 
triggered immunity (PTI) likely activated against U. maydis which could be the reason for the 
achieved resistance. 
The biological role of maize LOX3 and its products is only poorly understood. Thereby, several 
further studies are required to elucidate the underlying resistance mechanism. This is the first 
study which revealed that lox3 mutants can exhibit moderate resistance to U. maydis. Given 
these results, it is suggested that lox3 is a susceptibility factor for Ustilago maydis as well. In 
addition, LOX genes have their role in the abiotic stress response as well, which provides further 





Figure 42: Proposed working model (A) Typically U. maydis suppress plant PTI to establish the 
biotrophic interaction. (B) PAMP triggered immunity (PTI) is activated in the lox3 mutant 
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7. Supplementary data 
Supplemental Table 1: Antibiotics used in this study 
 
Supplemental Table 2: Oligonucleotides used in this study 
 
Antibiotic Stock concentration Final concentration
Ampicillin 100 mg/mL 100 µg/mL
Spectinomycin 100 mg/mL 100 µg/mL
Rifampicin* 10 mg/mL 50 µg/mL
Kanamycin 10 mg/mL 50 µg/mL
Hygromycin** 50 mg/mL 30 mg/mL
Bialaphos 10 mg/mL 5 mg/mL
Ticarcillin 250 mg/mL 400 mg/mL
* dissolved in DMSO, without filter sterilization
**purchased as ready-to-use stock solution from Roche 
(Mannheim, Germany)










Maize GAPDH (Glyceraldehyde 3-
phosphate dehydrogenase)
Sequences of oligonucleotides used  for C. graminicola  quantification
C. graminicola  ITS (Internal 
Transcribed Spacer)
pUC18
Sequences of oligonucleotides used  for U. maydis  quantification





 Target gene Primer name Sequence 5'-3'
Bie475 TTTAGCCCTGCCTTCATACG


























35S term catin CATGAGCGAAACCCTATAAGAACCC
pNB98/99 Sense




































































































Maize protease inhibitor (MPI)
PRm3 (chitinase)
ZmLOX3
Manoli et al., 2011
Yanet al., 2012
* used as reference gene for normalization
ZmLOX1
ZmLOX2
Nasinet al., 2013 
Doehlemannet al., 2008
Doehlmann et al., 2012
Shivajiet al., 2010









Supplemental Table 3: Software’s used in this study 
 
Supplemental Table 4: Sequences of gRNA oligonucleotides used for cas9/gRNA vector 
 




Name of the Software Company /source Company Headquarters Web Page
Clone Manager 9 Professional Edition Scientific & Educational Software Morrisville. NC. USA https://www.scied.com/pr_cmbas.htm
Endnote® X5 Thomson Reuters Philadelphia. PA. USA https://endnote.com
Microsoft Office Excel 2010 Microsoft Corporation Redmond. WA. USA https://www.microsoft.com
GIMP (GNU Image Manipulation) Free and open-source Charlotte. North Carolina https://www.gimp.org
ApE (A plasmid Editor) Software is Freeware M. Wayne Davis (developer) https://jorgensen.biology.utah.edu/wayned/ape
ImageJ ( image processing ) LOCI. University of Wisconsin University of Wisconsin https://imagej.nih.gov/ij/index.html
Sigma stat Jandel Scientific Software San Jose, California http://www.systat.de
 List of softwares used in this study
















cell wall digestion enzymes PEG solution
1.5% cellulase 40% (W/V) PEG4000
0.4% macerozyme R10 100 mmol/L CaCl2
0.4 mol/L mannitol 0.2 mol/L mannitol
20 mmol/L KCl MMG solution 
20 mmol/L MES pH 5.7 4 mmol/L MES pH 5.7
10 mmol/L CaCl2 0.4 mol/L mannitol
0.1% BSA 15 mmol/L MgCl2
5 mmol/L b-mercaptoethanol WI solution 
W5 solution 4 mmol/L MES pH 5.7
154 mmol/L NaCl 0.5 mol/L mannitol
5 mmol/L KCl 15 mmol/L KCl
125 mmol/L CaCl2
2 mmol/L MES pH 5.7






Supplemental Figure 1: DNA gel blot analysis of transgenic segregants of T1 (from self-pollinated T0) 
transgenic plants from the transformation experiment with pNB97 carrying an RNAi unit addressing 
the C. graminicola Sdh1. 20 μg genomic DNA each were digested with HinDIII and the fragments were 
separated into 0.8% (w/v) agarose gel. Hybridization of the specific DNA sequences was performed 
with a hygromycin hosphotransferase (hpt) specific probe. The names of the individual plants belonging 
to three T1 families are given above the picture. Wild-type used as a negative control, plasmid as a 















Supplemental Figure 2: DNA gel blot analysis of transgenic segregants of T1 (from self-pollinated T0) 
transgenic plants from the transformation experiment with pNB98 carrying an RNAi unit addressing 
the C. graminicola -Tub2. 20 μg genomic DNA each were digested with HinDIII and the fragments 
were separated into 0.8% (w/v) agarose gel. Hybridization of the specific DNA sequences was 
performed with a hygromycin hosphotransferase (hpt) specific probe. The names of the individual 
plants belonging to three T1 families are given above the picture. Wild-type used as a negative control, 






Supplemental Figure 3: DNA gel blot analysis of primary transgenic T0 plants from the transformation 
experiment with pNB99 carrying an RNAi unit addressing the C. graminicola Sdh1. 20 μg genomic DNA 
each were digested with HinDIII and the fragments were separated into 0.8% (w/v) agarose gel. 
Hybridization of the specific DNA sequences was performed with a hygromycin hosphotransferase (hpt) 
specific probe. The names of the individual plants are given above the picture. Wild-type used as a 




















Supplemental Figure 4: Comparison of wild-type and lox3 mutant lines for susceptibility towards U. 
maydis. (A) Typical symptom development 8 dpi. (B) Quantification of infection symptoms on maize 
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